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Introduction
Massandenergyexchangebetweenmost grasslandcanopiesand theatmosphereaxe
mediatedby grazingactivities. Ambienttemperaturescanbe increased(Timson1989)or
decreased(SeastedtandBriggs 1,989)by grazers.Datawe haveassembledfrom simulated
grazingexperimentson KonzaPrairieResearchNaturalAreaandobservationson adjacent
pasturesgrazedby cattle show significant changes (increases and decreases) in primary
production, nutrient content, and bidirectional reflectance characteristics as a function of
grazing intensity (Dyer et al. 1991, Turner et al. in press). The purpose of our research was
to provide algorithms that would allow incorporation of grazing effects into models of energy
budgets using remote sensing procedures. Our approach involved 1) linking empirical
measurements of plant biomass and grazing intensities to remotely sensed canopy reflectance
and 2) using a high resolution, mechanistic grazing model (Coughenour 1984) to derive plant
ecophysiological parameters that influence reflectance and other surface climatological
variables.

Experimental Studies
METHODS
In 1987, two field experiments were conducted to examine the role of grazing on
ecosystem-level parameters which affect measurements obtained during FIFE. Both
experiments were conducted on Konza Prairie Research Natural Area, one in a monoculture
of Bromus inermis, an introduced, cool season grass, and the second in native tallgrass
prairie. Both sites were located independently from established FIFE Intensive Sites.
Experimental manipulations included four simulated grazing regimes ranging from no grazing
to severe grazing, implemented by uniformly mowing small plots to 5-, 10-, or 20-cm heights
or leaving unmowed or by mowing to ground level 0, 1, 3, or 6 times during the growing
season. These mowing manipulations allowed us to evaluate foliage removal in terms of the
relative quantity of leaf area removed per unit area per time period (grazing intensity) and
how often foliage removal events occurred (grazing frequency). Biomass production, standing
crop of vegetation, N content of foliage and N production estimates were obtained
periodically through the growing season using standard techniques. Spectral reflectance
measurements also were obtained throughout the growing season and in conjunction with
vegetation sampling. For more detailed descriptions of methodology see Dyer et al. (1991),
Turner (1990), Turner et al. (in press).
In addition, observational studies were conducted at 12 FIFE Intensive Sites in 1987
and 1988. Six of these sites (FIFE sites 6912-PAM, 8639-SAM, 0847-SDC, 4268-BRK,
1246-BRL and 1445-BRL) were grazed by cattle, with grazing intensities ranging from light
to heavy. Of the remaining sites, three (FIFE sites 2731-DCP, 3129-BRK, and 3414-BRK)

were ungrazedsitesfrom which senescentvegetationfrom the previousgrowing seasonhad
beenremovedby burningin early May andthree(FIFE sites2132-BRK,2139-PAM anda
site adjacentto 2731-DCP)wereungrazedsitesleft unburned. Observationsfrom FIFE
IntensiveSitesprovideddatato comparewith experimentalplotsandto establishthe
generalityof our results. Biomassproduction,standingcropof vegetation,N contentof
foliageandN productionestimateswereobtainedusingmoveableandpermanentexclosures
in 1987and 1988. Spectralreflectancemeasurementswereobtainedthroughoutthe 1987
growing season.For moredetaileddescriptionsof methodologyseeTurner (1990),Turner et
al. (in press).
RESULTS
Bromus inermis experimental plots
Aboveground biomass production was significantly related to mowing height. Season-
long production for 5-cm (664.4 g/m z) and 10-cm (629.0 g/m 2) plots were 22 and 29% greater
than that for unmowed controls (514.8 g/m); the 20-cm plots showed the same level of
productivity as controls. Nitrogen content of aboveground tissues and cumulative nitrogen
production (incorporation of N into aboveground tissue) was significantly higher on all
mowing treatments compared to controls. Standing crop biomass was reduced significantly
by mowing (5-cm height was reduced 67-70% compared to controls).
Normalized Difference Vegetation Index (NDVI) and greenness index (results of
Principal Components Analysis) derived from reflectance data were poorly correlated with
biomass. Correlation of NDVI with N content of foliage was stronger, particularly if

stratifiedby mowingheight. In plotssimulatingheavygrazingwhereabovegroundvegetation
wassparseandsoil becomemoreexposedfrom abovethe canopy,the utility of NDVI asan
predictorof vegetationstatusdecreasedsignificantly.
For moredetaileddiscussionof resultsseeDyer et al. (1991).
Tallgrass prairie experimental plots and grazed pastures
Vegetarian responses. Mowing frequency significantly affected season-long grass
biomass and nitrogen production. Mean biomass production on plots mowed I, 3, and 6
times was 19%, 38%, and 61% greater, respectively, than on unmowed plots. Nitrogen
production on plots mowed 1, 3, and 6 times was 1.7, 3.3, and 4.3 times greater, respectively,
than on unmowed plots. Mowing resulted in elevated foliar concentrations of nitrogen and
phosphorus throughout the growing season compared to concentrations on unmowed plots.
Aboveground grass biomass and N production was significantly affected by mowing
height. Plots mowed to 5-, 10-, and 20-cm heights produced 32%, 42%, and 54% more
biomass, respectively, than unmowed plots by late August. At the end of the growing season,
5-, 10-, and 20-cm plots had produced 13%, 21% and 26% more biomass, respectively, than
unmowed plots. Mowing resulted in increased N concentrations and production in direct
relation to the intensity of mowing. N concentrations were significantly higher on mowed
plots than on unmowed plots at every sampling date after day 141. By late August, N
production was 2.2-2.5 times higher on mowed plots than on unmowed plots.
On grazed pastures, grazing intensity varied widely within season and between years
(1987 and 1988). Standing crop of grasses was inversely related to grazing intensity in both
years. In 1987, grasses at all sites except one appeared to compensate for foliage removal by
4

grazingindirectproportion to amount of foliage removed. Compensation resulted in season-
long biomass production similar to that on ungrazed plots despite large differences in the
proportion of production removed by cattle. Seasonal trends in N concentrations were
positive/y correlated with grazing intensity in both years.
Remote sensing measurements. On mowing frequency plots, mowing altered the
seasonal pattern of the NDVI observed on unmowed control plots. On mowed plots, NDVI
values were much lower immediately after mowing than on unmowed controls and increased
between mowings to values close to or greater than unmowed values. By late in the growing
season, NDVI values on plots mowed one or three times attained levels higher than that on
unmowed plots, while NDVI values on plots mowed six times were lower.
On mowing height plots, NDVI was significantly affected by mowing height and day
of year, with day of year accounting for 25% and height accounting for 44% of the
variability. Height treatment differences in NDVI corresponded to differences in standing
crop brought about by mowing. NDVI was highest throughout the season on unmowed plots
where standing crop was greatest and lowest on plots mowed to 5 cm, where standing crop
was least. Differences between treatments were greatest early in the season, when the mean
NDVI for 5-, 10-, and 20-cm plots was approximately 60%, 85%, and 95% of that on
unmowed plots, respectively. By midseason, treatment differences in NDVI were smaller but
generally consistent with differences in aboveground biomass. Within treatment fluctuations
in NDVI also corresponded to changes in biomass. NDVI increased between mowings and
these increases were greatest early in the season when plant growth rates were greatest.
Reflectance in all wavelength bands was a function of mowing height. For most of

the season,reflectanceof visible wavelengthswashigherandreflectanceof nearinfrared
(NIR) wavelengthswas lower on mowedplots thanonunmowedcontrols. Meanreflectance
of visible wavelengthson mowedtreatmentswasasmuchas60% greaterin early summer,
approximatelythe samein late summerandup to 3I% greaterin fall relativeto unmowed
plots. Meanreflectanceof NIR wavelengthson mowedtreatmentswasas muchas31%less
in early summer,15%lessin late summerandapproximatelythesamein fall comparedto
unmowedplots.
Reflectancecharacteristicsobservedon themowedplots weregenerallyconsistent
with thoseobservedwhengrazerswereresponsiblefor manipulationsof biomassandN
content. NDVI on grazedpastureswassignificantly affectedby managementpractice
(grazed,burned,andunburned)anddayof year. Until midseason,meanNDVI on unburned
sitesaveraged90% of that on burned and mean NDVI on grazed sites averaged 85% of that
on burned sites. After midseason, mean NDVI on grazed sites was approximately equal to
that on burned sites whereas mean NDVI on unburned sites was approximately 90% of that
on burned sites. Variability in NDVI was greatest on grazed sites during the first half of the
growing season. During the second half of the growing season grazed site variability was
approximately equal to that on unburned sites, but it was still greater than that on burned
sites.
Reflectance versus canopy characteristics. The relationship between NDVI and
canopy characteristics (%N, N mass, and biomass) on experimental plots varied with season.
Early in the growing season (day 167), NDVI was strongly related to %N, N mass, and
biomass. Late in the growing season (day 243), NDVI was not significantly related to any
6

canopycharacteristic.At theendof the growing season(day 301),whenplant materialwas
largelydead,NDVI wassignificantlyrelatedto %N andbiomassbut not to N mass. In
general,NDVI wasmorestronglyrelatedto canopycharacteristicsearly in theseason(R2=
0.62-0.76)than later in the season (R 2 = 0.06-0.43).
The relationship between NDVI and canopy characteristics on sites grazed by cattle
also varied over the growing season. There were strong linear relationships between NDVI
and all plant characteristics during June-July, but not over longer periods. NDVI was
significantly related to N mass during June-October.
For more detailed discussion of results see Turner (1990), Turner et aI. (in press).
DISCUSSION
Our results show dramatically that Bromus inermis and the dominant tallgrass prairie
grass species, as is the case with many C3 and C4 grasses, respond to repeated grazing (on
experimental plots mowing was used as a surrogate of grazing) by altering productivity when
compared to ungrazed controls. The type of change is a function of the degree of removal
and has been described empirically and theoretically by several workers in terms of the
Herbivore Optimization Curve (McNaughton 1979, Hilbert et al. 1981, Dyer et al. 1982,
1986, Williamson et al. 1989, and others) as well as in the theoretical models of the dynamics
of plant quality in response to herbivory (Edelstein-Keshet 1986). The response is known for
may different species in grasslands throughout the world. In many cases processes associated
with grazing regulate a large amount of the variance in productivity during any one growing
season.

Theresponsesto experimentalmanipulationswe observedarerelatively
straightforward.Even thoughstandingcropwashigheston unmowedcontrol plots,
throughoutthe growing seasonmowedplotsproducedmorethancontrols. Theseresponses
arebiologically significantin severalways. Theypoint to the importanceof understanding
grasslandproductivity understress,but alsofocusattentionon the inherentdifficulty of
determininggrasslandfunction by relyingon instantaneousmeasuresof biomass,particularly
if taken in ungrazedportionsof grazedsites,or in grazedpasturesif responseto grazingis
not accountedfor.
Analysisof covarianceof individual radiometerbandvalues,with standingcropasthe
covariate(Dyer et al. 1991),showedthatreflectancefrom the plant canopyis independentof
dry biomassper se. This result reaffirmsolder reportsthat structuralcomponentsaloneare
not the main basisfor determiningthe amountof absorptionor reflectance,but other
propertiescontainedwithin theplant, mainly waterandchlorophyll (Tucker 1979),are the
largely responsible.Thus,if biomass(or its equivalent,leaf area)is not themain sourceof
variation,andsinceN (themaincontributor to chlorophyll development)variesaccordingto
mowing treatmentor grazingintensity,if follows that a primary contributorof remotely
sensedradiationis the internal stateof the plant. In our experimentsandobservationswe
takethis to beboth the qualitativeandquantitativeN statuswithin the plant. This is an
importantfactorin measuringcanopiesthat areinfluencedby grazing. Total instantaneous
biomassis reducedtemporarily,but at the sametime theplant's metabolicstatuscanbe
increasedsignificantly, oneof thenet resultsbeing thattotal N is increased.Therefore,
changesin leafareaor total biomassthat affectabsorptionor reflectanceasa function of

grazingmay beoffset by concomitantchangesdue to nitrogenor waterstatus.
The treatmentand sitedifferencesin NDVI that we observed were closely related to
defoliation induced changes in plant canopies. Large increases in biomass (and NDVI)
occurred over relatively short periods following defoliation. Changes in N concentrations and
allocation patterns following defoliation by grazers reduced the usefulness of NDVI as an
indicator of biomass and leaf area. NDVI-biomass relationships were season-specific, with
sensitivity of this relationship minimized at midseason.
Simulation Modeling
A study of grazing effects on FIFE measurements was initiated using a mechanistic
simulation model. Funding provided in years 2 and 3 of this project was not sufficient to
allow us to complete the analyses. The model, designated GRASS, was assembled from
information in North America and first applied to problems in the Serengetti grasslands of
Africa (Coughenour 1984). The model is composed of a series of submodels that provide
interactions among abiotic and biotic elements in grasslands including: 1) atmospheric
components, 2) radiation and energy balance, 3) soil water, 4) photosynthesis (plant specific
by metabolic type and age class), 5) plant water, 6) above- and belowground plant growth by
age class, and 7) nitrogen uptake and distribution. Included in the input-output array are 1)
transpiration and evaporation, 2) radiation interception, and 3) leaf area indices. Over 100
biotic and abiotic parameters are required to run the model. Most are available from
literature values, and from FIFE and NSF-LTER data on Konza Prairie. Initial
parameterization of the model has been completed but further refinement will be required.
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Effects of ManagementandTopographyon the RadiometricResponseof a TallgrassPrairie
C. L. Turner,_T. R. Seastedt,_M.I. Dyer,2T. G. F. Kittel,3: andD.S. Schimel3'5
_Divisionof Biology, KansasStateUniversity, Manhattan
2Instituteof Ecology,University of Georgia,Athens
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Bidirectionalreflectancemeasurementswereobtainedon grazed,burnedungrazed,and
unburnedungrazedtallgrassprairie in easternKansas. Observationswere alsomadeon
experimentalplotson which vegetationheightandbiomassweremanipulatedby mowing.
Foliagebiomassandproductivity (includingoff-takeestimates)weremeasuredconcurrentlyat
all sites. While productivityof mowedor grazedsiteswaseitherequalto or greaterthan that
on unmowedor ungrazedsites,individual or cumulativeNormalizedDifferenceVegetation
Index (NDVI) valuestendedto bepositivelycorrelatedwith biomass,not productivity. NDVI
on grazedprairie was lower thanon burnedandunburnedprairieduring the first half of the
growing season.After midseason,NDVI on grazedprairiewashigherthanon unburned
prairie but no different thanon burnedprairie. Stronglinear relationships between NDVI and
canopy nitrogen and biomass existed early and late in the growing season, but not at
midseason. These relationships suggest that plant physiological processes associated with
regrowth following defoliation are dominant influences on reflectance early in the season,
whereas the accumulation of senescent material is the dominant process affecting reflectance
in the latter half of the growing season. Canopy temperature was related to canopy nitrogen
and biomass at midseason. The use of NDVI to estimate plant productivity and vegetation-
atmosphere exchange is complicated by changes in plant characteristics induced by grazing or
mowing. Grazing tends to homogenize potential landscape-induced differences in vegetation
activity. Factors otherwise useful in estimating plant production, such as burning treatment
and soil depth, are not strongly correlated with above-ground biomass or NDVI under grazing
conditions. Results presented here suggest that concurrent use of thermal information
provided by some satellite sensors may improve this relationship.
INTRODUCTION
TheNormalizedDifferenceVegetationIndex (NDVI) hasbeenvariouslytermedan index
of plant vigor, an indicatorof the photosyntheticcapacityof a vegetatedsurface,and the
amountof illuminatedchlorophyllpresent[Sellerset al., 1988]. Fundamentally,the index is
a ratio assembledfrom red andnear-infrared(NIR) spectralvalues.Canopychanges(for
example,leaf area,biomass,andnitrogencontent)often inverselyalter theabsorptionof
radiationin the red andnear-infraredspectrum,therebymakingNDVI particularly sensitiveto
canopychanges[Tucker, 1979]. Both absorbedphotosyntheticradiationand grassland
biomasshavebeenaccuratelypredictedusingsatelliteNDVI values[Kanemasuet al., 1989].
Modelsof biological processesandradiativetransferin plant canopieshaverecently been
combinedto providea synthesisof the relationshipsbetweenvegetationindicesobtainedfrom
remotesensinginstrumentsandplant physiologicalprocesses[Sellers,1985,1987]. The
accuracyof thesemodelsdependsstronglyon therelationshipsbetweenvariablesaffecting
plant activitiesandcanopycharacteristics.Rigorousevaluationof the importanceof these
factorsrequiresexperimentalmanipulations[Dyer et al., 1991]. A major factor affecting the
physiologicalstatusof grasslandvegetationis grazing,which potentially influencescanopy
reflectancecharacteristicsasstronglyasdo different surfacecover types. Changesin canopy
characteristicsfollowing grazinginclude (1) reductionin above-groundbiomass,(2) increased
nitrogen (N) concentrationin remainingtissue,and(3) reducedor retardedaccumulationof
senescentplant materialthroughthe growing season.Collectively,thesechangessuggestthat
grazedvegetationshouldhavea largerNDVI per unit of biomassor leaf areathanungrazed
vegetation. However,grazingmayalso exposethesoil surface,andby introducinganother
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surfacewith its own spectralproperties,substantiallyinfluencereflectance.
In this studyweattemptedto determinewhetherdefoliationaltersthereflectance
characteristicsof tallgrassprairie in predictablewayscomparedto undefoliatedtallgrass
canopiesandto determinetherelationshipsbetweengrazing-inducedchangesin plant
canopiesandNDVI. A seriesof hill slopetransectmeasurementswereusedto relatethese
findings to landscapelevel assessmentsof NDVI conductedby Davis et al. [this issue].
Reflectancemeasurementswereobtainedon experimentalplotson which vegetationheight,
biomass,and leaf areaweremanipulatedby mowing. This allowedus to evaluategrazing
effects in termsof therelativequantityof leaf areaconsumedper unit areaper time period
(grazingintensity)andhow often thesegrazingeventsoccurred(grazingfrequency).
Observationsfrom long-termgrazedpasturesprovideddatato comparewith experimental
plots andto establishthe generalityof our results.
METHODS
Study Area
Research was conducted in 1987 on the Konza Prairie Research Natural Area (KPRNA),
located in the Flint Hills of northeastern Kansas approximately 12 km south of Manhattan,
Kansas, and on six other sites within 12 km of KPRNA selected for study during the First
International Satellite Land Surface Climatological Project (ISLSCP) Field Experiment (FIFE)
[Sellers et al., this issue]. The dominant vegetation of this area consists of warm-season
tallgrass prairie species, including big bluestem (Andropogon gerardii Vitman), Indian grass
(Sorghastrum nutans (L.) Nash) and switch grass (Panicum virgatum L.) [Freeman and
Hulbert, 1985].
Reflectance Measurements
Bidirectional spectral reflectance measurements were obtained with an Exotech Model
100-A radiometer. The Exotech radiometer measured reflected radiation in two discrete
wavelength bands in the visible (B1 = 0.50-0.60 and B2 = 0.60-0.70 l.tm) and two in the NIR
(B3 = 0.70-0.80 and B4 = 0.80-1.10 I.tm) regions of the spectrum. The radiometer had a 15 °
field of view and was attached to a portable frame in nadir position approximately 1.5 m
above the soil surface. The area sampled by the radiometer was approximately 0.1 m 2.
Measurement periods were limited to a period within 2 hours of solar noon on clear days.
Measurements were referenced to a BaSO4 calibration panel and reflectance was calculated
from a ratio of canopy radiance to that of the reference panel. Reflectance measurements
were used to calculate NDVI using the formula, NDVI = [B4 - B2] / [B4 + B2].
Reflectance measurements were obtained on experimental plots on which tallgrass prairie
was mowed to simulate foliage removal by cattle. In the grazing intensity experiment, the
canopy was maintained at a height of 5 cm, 10 cm, or 20 cm above the soil surface or was
left unmowed. In the grazing frequency experiment, vegetation was mowed to about 2 cm
above the soil surface 0, 1, 3, or 6 times during the 1987 growing season [Turner, 1990].
Reflectance measurements were obtained at intervals of 4-16 days on grazing intensity plots
and 3-32 days on grazing frequency plots. On each observation date, three-five reflectance
measurements were obtained and a mean was calculated for each plot. Treatment means for
each date were calculated from six replicates of the four treatments in the intensity
experiment and five replicates of the four treatments in the frequency experiment. An
estimate of surface temperatures on intensity experiment plots was obtained on day 196 (July
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15) usingthe thermalchannelof a BarnesModel 12-1000modularmuhibandradiometer.
Spectralreflectancemeasurementswerealsoobtainedon 12sitesrepresentativeof three
managementpracticescommonto the Flint Hills region. Six of thesiteswere grazedby
cattle:FIFE sites19(6912-PAM),21(8639-SAM),29(0847-SDC),32(4268-BRK),40(1246-
BRL), and 42(1445-BRL). Of the remainingsites,threewereungrazedsitesfrom which
senescentvegetationfrom thepreviousyearhadbeenremovedby burningin early May: sites
l(2731-DCP), 8(3129-BRK),10(3414-BRK). The otherthreesiteswere ungrazedsitesleft
unburned:sites6(2132-BRK),31(2139-PAM),anda siteadjacentto site 1. Tallgrassprairie
is commonlyburnedto maximizeplant productionfor grazingandhayproduction. All
grazedsiteshadbeenburnedprior to the initiation of new growth in the spring. Hereafter,
thesesiteswill be referredto asthegrazed,burned,andunburnedtreatments,respectively.
At least25 canopyreflectancemeasurementsweretakenon transectsat eachsite at intervals
of 1-26days throughthe growingseason.On siteslocatedon hill slopes,two transectswere
used,one orientedparallelandtheotherperpendicularto thecontour. Observationswere
spacedat intervalsof approximately2 m alongtransects.Mean reflectanceswerecalculated
for eachtreatmentfor 1 to 12-dayintervalsin 1987centeredon thefollowing dates:day 154
(June3), day 177(June26), day 184(July 3), day222 (August10),day229 (August 17),day
232 (August20), day 258(September15)andday280 (October7).
Vegetation Sampling
Vegetation on intensity experiment plots was sampled immediately following measurement
of reflectance on day 167 (June 16), day 243 (August 31), and day 301 (October 28), during
FIFE intensive field campaigns (IFCs) 1, 3, and 4, respectively [Sellers et al., this issue].
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Estimatesof total (live plus dead)above-groundbiomass,nitrogenconcentrationin above-
groundgrasstissue(indicatedas%N), andN mass(gramsof nitrogen per square meter) in
grass foliage were obtained for each plot. Estimates of these canopy characteristics on each
grazed site were obtained during the intervals for which mean reflectances were calculated
[Turner, 1990].
In contrast to the experimental plot measurements, which were made on a single soil type
and topographic position, hill slope transects were established to evaluate the effect of factors
correlated with topographic position (for example, soil depth and soil moisture) on plant
biomass on various combinations of burned or unburned, grazed or ungrazed pastures.
Results from ungrazed sites are reported by Schimel et al. [1991]. Here we summarize how
grazing influences landscape-level measurements of plant biomass and N mass using data
collected on transects established near FIFE site 42.
Analysis
Effects of mowing intensity or management practice and season on NDVI were analyzed
using a split plot design where the whole plot factor was mowing height or management
practice and the split plot factor was day of year. The error term for whole plot factors was
plot or site within treatment variance. This design accommodated repeated measurements of
the same sites or plots over time. NDVI values ranged between 0 and 1 and were
transformed using an arcsine-square root transformation [Zar, 1984] prior to analysis. A
similar procedure was used on %N data and for an analysis of differences in the coefficients
of variation observed for specific treatments. NDVI was linearly regressed to %N, N mass,
and biomass obtained from intensity experiment plots on days 167, 243, and 301 and from
grazedsites.
RESULTS
Frequency of Foliage Removal
Mowing altered the seasonal pattern of the NDVI observed on unmowed control plots
(Figures la-ld). The pattern on unmowed control plots was characterized by relatively high
NDVI values in June, which gradually decreased as senescent material accumulated over the
growing season. On mowed plots, NDVI values were much lower immediately after mowing
than on unmowed controls and increased between mowings to values close to or greater than
unmowed values (Figure 1). By late growing season, NDVI values on plots mowed one or
three times attained levels higher that on unmowed plots, while NDVI values on plots mowed
six times were lower.
Intensity of Foliage Removal
Analysis of variance (ANOVA) results indicated that NDVI was significantly affected by
mowing height and day of year (Table 1) and there was a significant interaction between
mowing height and day of year. Over 90% of the variability in NDVI values was accounted
for by the model; day of year alone explained 25% of the variability and height alone
explained 44%. Height treatment differences in the NDVI corresponded to differences in
biomass brought about by mowing. NDVI was highest throughout the season on unmowed
plots where biomass was greatest and lowest on plots mowed to 5 cm where biomass was
least (Figure 2a). Differences between treatments were greatest early in the season when the
mean NDVI for 5-cm, 10-cm, and 20-cm plots was approximately 60%, 85%, and 95%, of
that on control plots, respectively. By midseason, differences between treatments were
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smallerbut generallyconsistentwith differencesin above-groundbiomass.
Growing seasonfluctuationsin NDVI within height treatmentsalso correspondedto
changesin biomass. Low NDVI valueson days155,175,and 190wereobtained1-2days
after mowing (Figure2a),whereashigh NDVI valuesondays 167and 187wereobtained12-
13daysafter mowing. Increasesin NDVI betweenmowingswere greatestearly in the season
whenplant growthratesweregreatest. By midseason, plant growth rates were lower, less
biomass accumulated between mowings, and less frequent mowing was required to maintain
the plots at treatment heights.
Within-date variability in NDVI on experimental plots was small, with coefficients of
variation (CV) ranging between 1.5% and 8% over the season fFigure 2b). CV was
significantly affected by mowing height and day of year, and there was a significant
interaction between mowing height and day of year (Table 1). Sampling variability in NDVI
tended to be highest on plots mowed to 5 cm and lowest on plots mowed to 20 cm and
unmowed plots.
Reflectance in all wavelength bands was a function of mowing height (Figure 3). For
most of the season reflectance of visible wavelengths was higher (Figures 3a and 3b) and
reflectance of N1R wavelengths was lower (Figures 3c and 3d) on mowed plots than on
unmowed controls. For visible wavelengths, much less difference between treatments and
control plots was observed when differences in biomass were least, for example, on days 187,
223, and 243 when biomass had accumulated for 12, 33, and 20 days, respectively, following
mowing. Mean reflectance of visible wavelengths on mowed treatments was as much as 60%
greater in early summer (June 4 - July 15), approximately the same in late summer (August 3
- July 15)and up to 31%greaterin fall (September21 - October7) relativeto unmowed
plots. Meanreflectanceof NIR wavelengthsonmowedtreatmentswasasmuchas 31%less
in early summer,15%lessin late summerandapproximatelythe samein fall comparedto
unmowedplots.
Grazing and Burning
Findings from the mowed plots were generally consistent with those observed when
grazers were responsible for manipulations of biomass and N content. ANOVA results
indicated that NDVI was significantly affected by management practice (grazed, burned and
unburned; P < 0.05) and day of year (P < 0.0001), with no significant interaction between
these factors. Approximately 91% of the variability in NDVI values was accounted for by the
model; day of year accounted for 68% and management accounted for 9% of the variability.
Mean NDVI values for all management practices declined over the growing season (Figure 4).
Until midseason, mean NDVI on unburned sites averaged 90% of that on burned and mean
NDVI on grazed sites averaged 85% of that on burned sites. After midseason, mean NDVI
on grazed sites was approximately equal to that on burned sites whereas mean NDVI on
unburned sites was approximately 90% of that on burned sites.
Coefficients of variation in NDVI ranged from 3.5 to 8.5% for burned sites, 8.0 to 12.5%
for grazed sites, and 6.9 to 9.2% for unburned sites over the growing season and were
significantly affected by management practice (P < 0.02) and day of year (P < 0.01) with no
significant interaction between factors. These factors accounted for approximately 79% of the
variability in coefficients of variation of NDVI. Variability was greatest on grazed sites
during the first half of the growing season. During the second half of the growing season
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grazedsitevariability wasapproximatelyeqt_alto that on unburnedsites,but it was still
greaterthanthat on burnedsites.
Meanreflectancein eachwavelengthbandfor burnedand grazedtreatmentsis presented
in Figure 5. Reflectancein B2 wasconsistentlygreateron grazedareasuntil midseason
(Figure5b). Reflectanceof NIR wavelengthswasconsistentlylower on grazedareasthanon
burnedareasuntil late in the season(Figures5c and 5d). Meanreflectanceof visible
wavelengthson unburnedareaswashigher than thaton burnedareas(by 7-26%)throughout
the growing season.Reflectanceof NIR wavelengthson unburnedareaswasabout 11%
lower in early summer,about6% lower in late summer,andno different from burnedareasin
fall.
Reflectance versus Canopy Characteristics
The relationship between NDVI and canopy characteristics (%N, N mass, and biomass)
varied with season (Figure 6 and Table 2). Early in the growing season (day 167), NDVI
was strongly related to %N, N mass, and biomass. Late in the growing season (day 243),
NDVI was not significantly related to any canopy characteristic. At the end of the growing
season (day 301), when plant material was largely dead, NDVI was again significantly related
to %N and biomass but not to N mass. In general, NDVI was more strongly related to plant
characteristics early in the season (R 2 = 0.62-0.76) than later in the season (R 2 = 0.06-0.43).
The relationships between NDVI and plant characteristics on sites grazed by cattle also
varied over the growing season. Too few observations were available for analyses to be
conducted by season. Data were therefore grouped into the following periods for analysis:
June-October, June-September, and June-July (Table 3). There were strong linear
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relationshipsbetweenNDVI andall plant characteristicsfor June-Julydata. Thesedecreased
in strengthastheanalysisperiodwasextended.NDVI wassignificantlyrelatedto only N
massfor June-SeptemberandJune-Octoberdata.
Grazing and Topography
The FIFE site consists of uplands frequently dissected by drainage networks [cf. Davis et
al., this issue]. Schimel et al. [1991] demonstrated correspondence between this topographic
variation and canopy characteristics on four ungrazed watersheds in the site. They found a
significant correlation between soil depth (reflecting hill slope position and bedrock geology)
and live above-ground grass biomass (P < 0.06; see Table 4 and Figure 7a). Both soil
moisture and nutrient availability were suggested as causal agents for this relationship. There
was also a significant correlation between live N mass and soil depth (Table 4 and Figure 7a).
On grazed watersheds, these relationships were disrupted (P > 0.5; see Table 4 and Figure
7b). Landscape control of biomass accumulation was modified by patchy removal of plant
material by grazers. The spatial distribution of biomass and N mass established in grazed
watersheds by late May 1987 (IFC 1) persisted throughout the growing season (Figure 8).
The persistence of the initial grazing-influenced pattern of biomass on the landscape is likely
maintained by repeated grazing of the same areas [Hobbs et al., 1991].
DISCUSSION
NDVI and Management
Seasonal treods in NDVI on unmowed experimental plots (Figures l a and 2a) and burned
and unburned sites (Figure 4) were similar to those previously reported for tallgrass prairie at
KPRNA [Sellers et al., 1988] and in experiments reported by Dyer et al. [1991]. One major
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difference,however,was thatour observationswereinitiated too late to record the "green-up"
periodobservedin previousstudies. In 1987,the canopyhadreached"peak greenness"by
theend of May.
The seasonalprofile of NDVI wasaffectedby grazingandburningmanagement.Burning
increasedNDVI throughouttheseason,reflectingremovalof senescentmaterialearly in the
seasonandenhancedbiomassproductionon thesesites[Seastedtet al., 1991]. Defoliation
resultedin decreasesin NDVI valuesduring mostof the growingseasonon both experimental
plots and grazedsites. Moreover,reflectancein all wavelengthbandswasaffectedby
defoliation,with reflectanceof visible wavelengthsincreasedandreflectanceof NIR
decreasedon defoliatedcanopies.
The effectof foliage removalon seasonaltrendsin NDVI wasdependenton thefrequency
andtiming of mowing. NDVI valueswerelow following mowing andincreasedasbiomass
accumulated,anobservationalsoreportedby Dyer et al. [1991]. Recoveryof NDVI to
levels comparableto thoseon unmowedplots wasrapid under thefavorableplant growth
conditionsexistingduring 1987. Similar responsesat a shortertime scalewere observedon
intensity experimentplots. The magnitudeof theresponsewasgreaterearly in the growing
seasonwhengrassgrowthrateswerehigh andon plotsclippedclosestto the soil surfacethan
late in the seasonandon plots on which greaterbiomassremainedafter mowing (Figure 2a).
Repetitionof this patternduring thegrowing seasondependslargelyon regrowthpotential of
the vegetation.
Treatmentandsite differencesin NDVI werecloselyrelatedto defoliation-induced
changesin canopiesmeasuredat thesesites. Thesechanges,discussedbelow, included (1)
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reductionin above-groundbiomass,(2) increasedN concentrationin remainingtissue,(3)
exposureof the soil surface,and (4) reducedaccumulationof senescentplant materialthrough
the growing season.Thesechangeswerehighly correlated:on experimentalplots, variation
in N concentration,soil surfaceexposure,andsenescentmaterialaccumulationwas
accomplishedby varyingabove-groundbiomassusingseveralintensitiesof defoliation. On
grazedsites,above-groundbiomasswasmanipulatedby consumptionby cattle.
Biomass. Although NDVI and related NIR/red ratio vegetation indices have been widely
used for estimation of biomass, the utility of such relationships depends upon a number of
factors [Dyer et al., 1991]. When significant relationships between NDVI and biomass
existed in data from our intensity plots and grazed sites, they were season specific. Weiser et
al. [1986] reported relationships between spectral reflectance measures and biomass in
taUgrass prairie that were both site- and year-specific. Richardson et al. [1983] reported that
a single linear relationship fit the data for NIR reflectance and above-ground biomass
collected in June and September, although the coefficient of determination was higher for data
in June than in September (0.82 versus 0.70). Kleman and Fagerlund [1987] reported that the
NIR/red ratio was strongly related to the biomass of barley, until significant amounts of
senescent material had accumulated. In addition, the relationships between the ratio and
biomass were different at each observation date.
Although the range of biomass on grazing intensity plots was large at all sampling dates,
the range in NDVI values was considerably larger early in the season than at other sample
dates. Growth rates also were greatest early in the growing season; little biomass
accumulated after August 31 (day 243) except on unmowed plots [Turner, 1990]. This
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suggeststhat plantphysiologicalprocessesassociatedwith regrowthfollowing defoliation,
suchasdevelopmentof new structuraltissuesandN uptakeandconcentration,aredominant
influenceson reflectanceearly in the season,whereasthe accumulationof senescentmaterial
is thedominantprocessaffectingreflectancein the latterhalf of the growing season.
Disproportionatelyhigh aUocationof N to the uppercanopymay also accountfor the lack
of relationshipbetweenbiomassandNDVI at midseason[Dyer et al., 1991]. As biomass
increasesand hght limitation occursin the lower canopy,N allocationto the uppercanopy
increases[Hiroseet al., 1988;Schimelet al., 1991]. Under theseconditionsNDVI may be
lessdependenton total foliagebiomassthanonnitrogenrich chlorophyll concentrationsin the
uppercanopy,or on interactionsbetweenthetwo [Dyer et al., 1991].
Nitrogen. Significant negative relationships between canopy reflectance of visible
wavelengths and %N have been reported for grasses [Richardson et al., 1983; Everitt et al.,
1985] and loblolly pine [Nelson et al., 1986]. In winter wheat, canopy N content is positively
related to NIR/Red ratios [Hinzman et al., 1986]. These studies related %N to reflectance
over naturally occurring N gradients or manipulated %N (via fertilization) regimes, and no
effort was made to separate the effects of %N and biomass on reflectance. Increased leaf
area and biomass, reduced exposure of the soil surface, and higher chlorophyll concentrations
resulting from increased N availability have been cited to account for N-related canopy
reflectance characteristics [Walburg et al., 1982; Hinzman et al., 1986; Kleman and
Fagerlund, 1987]. Here, the two measures of N (%N and N mass) were inversely related.
The concentration of nitrogen in above-ground grass tissue, which increased with defoliation
intensity, was higher throughout the season on mowed plots [Turner, 1990], and was
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negativelyrelatedto NDVI early andlate in theseasononexperimentalplots andfrom June-
July on grazedsites. In contrast,Dyer et al. [1991] showedthat NDVI waspositively related
to %N.
N mass,a productof %N andgrassbiomass,waspositivelyrelatedto NDVI throughout
the seasonon grazedsites(Table3) andearly in the seasonon experimentalplots (Table2).
The differencein the natureof theserelationshipsemphasizesthe importanceof biomassor
leaf areain influencingsingle-timemeasurementsof NDVI of tallgrassprairie. However, for
theplot datapooledoversamplingdates,a positiverelationship(R2= 0.19,P < 0.0002,df =
66) between%N and NDVI is evident(Figure6a). In contrast,biomassandNDVI values
were not linearly relatedover thesamplingperiodfor eithertheplot data(R2= 0.007,P =
0.52,df = 67) or on grazedsites(Table3).
Soil reflectance effects. Soil background conditions may strongly affect surface reflectance
characteristics. Dry soils on KPRNA reflect more visible and less NIR radiation than green
vegetation [Asrar et al., 1986]. Defoliation severe enough to expose the soil surface will also
tend to decrease NDVI values and increase reflectance of visible light. For a given amount of
vegetation, darker soils result in higher vegetation index values when these indices are based
on ratios of NIR to red reflectance [Colwell, 1974; Elvidge and Lyon, 1985; Huete et al.,
1985]. Reflectance of both visible and NIR wavelengths from bare KPRNA soils decreases
as soil water content increases [Asrar et al., 1986]. Thus differences in soil moisture over the
growing season and over the study site contributed to the spatial and temporal variation in
NDVI and reflectances. The influence of exposed soil on reflectance measures also is
affected by the dependence of soil reflectance on the optical properties of overlying
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vegetation[Jacksonet al., 1980;Lillesaeter,1982;HeilmanandKress,1987;Huete,1987].
The differential transmittanceof red andNIR wavelengthsthroughcanopies[Kimeset al.,
1985;Sellers,1985;Choudhry,1987]resultsin complexsoil-vegetationinteractionsthat are
alteredby defoliation. Vegetationindicesaremostsensitiveto soil backgroundinfluencesin
canopieswith intermediatelevelsof cover [Hueteet al., 1985],that is, over rangesobserved
in this study.
Senescent material. Reflectance from tallgrass canopies in all wavelength bands, except
NIR, increases as plants mature and leaves become senescent [Asrar et al., 1986]. NDVI
values decline over the growing season, partly owing to the accumulation of senescent
material. On unburned sites, senescent vegetation from the previous year is present
throughout the current growing season and may account for the higher reflectance of visible
wavelengths and lower NDVI values observed in all seasons on unburned sites than on
burned sites. On grazed sites, grass biomass may be consumed before it becomes senescent
or removed from the canopy by the trampling action of cattle. This may result in a greater
proportion of green material and an equal or higher NDVI value late in the season on grazed
sites compared to unburned and burned sites (Figure 4).
Grazing versus Mowing
Experimental plots were used in part to minimize the effects of differences in site
characteristics on plant responses and reflectance characteristics following defoliation.
However, reflectance characteristics of experimental plots and grazed sites were similar in
ways that suggest experimental plots were useful surrogates of grazed areas. Relationships
between NDVI and canopy characteristics on experimental plots were similar to those on
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grazedsitesearly in theseasonwhenplant growthrateswerehigh (Tables2 and3).
Relationshipsvary with seasonregardlessof modeof defoliation. Mowing andgrazing
increasedreflectanceof visible wavelengthsand reducedreflectanceof NIR wavelengths
relative to undefoliatedconditionsin similar seasonalpatterns. In addition, themagnitudeof
changein reflectancefrom undefoliatedconditionsfor grazedsitesmostoften approximated
that for the moderate(10cm) mowingregime.
Grazing-Landscape Interaction
Grazing interfered with the correspondence of biomass (and NIR/red vegetation index) to
hill slope position found for ungrazed watersheds [Schimel et al., 1991; Davis et al., this
issue]. The magnitude of this interference is expected to be a function of grazing intensity,
with moderate grazing resulting in a patchy landscape (consisting of both grazed areas with
low biomass and ungrazed areas with high biomass) and heavy grazing producing a more or
less homogeneous canopy across watersheds.
Spatial variation in NDVI was higher on grazed sites than on burned sites. Variation in
NDVI is highly scale dependent and on grazed sites may have been a function of grazing
patch size. This pattern is, however, probably reversed at the landscape level because grazing
removes the components of the variance contributed by topography and fire [Davis et al., this
issue]. While it is impossible to estimate the amount of variability in satellite-derived NDVI
values that might result from grazing based on measurements made with a ground-based
radiometer, spatial patterns in remote sensing imagery probably are influenced by grazing
patterns. Measures of landscape contrast using textural contrast algorithms [Jensen, 1986]
have been related to impacts of tallgrass prairie disturbances [Nellis and Briggs, 1989] and
17
may be usefulin identifying grazing-inducedspatialpatterns.
Theseresultscomplicateextrapolationof canopycharacteristicsandsurfaceclimate
processes(suchas surfacefluxes) from point datato regions,suchastheFIFE site. As an
extrapolationmethod,biophysicalstratificationof grasslandregionsbasedon topography,soil
type, andburningregime[e.g.Davis et al., this issue]maybe improvedby inclusionof
grazing intensity. However,this informationis difficult to obtain. Remotesensingmay be
the only feasiblemeansfor theassessmentof surfacepropertiesaffectingsurfaceenergy
budgetsandclimate over largeareaswheregrazingis animportantland use.
Implications of Defoliation for Remote Sensing Studies
In studies of primary productivity and forage availability in grasslands, estimates of green
biomass can be obtained from direct correlation of biomass with spectral reflectance [Waller
et al., 1981; Weiser et al., 1986]. Field studies of agricultural crops and grasslands have
shown a strong linear relation between intercepted photosynthetically active radiation (PAR)
and spectral vegetation indices based on the ratio of NIR to red reflectance [Kumar and
Monteith, 1982; Daughtry et al., 1982; Hatfield et al., 1984; Asrar et al., 1984; Weiser et ai.,
1986]. Thus, above-ground biomass can be estimated indirectly by estimating the fraction of
absorbed PAR and computing biomass as a summation over time of converted PAR [Weiser
et al., 1986; Kanemasu et al., 1989].
These methods assume that little change in biomass occurs between data acquisition and
resource utilization and that the relationship between green biomass and spectral indices is not
a function of stage of growth or regrowth. Results of this study demonstrate that (1) large
increases in biomass (and NDVI) occur over relatively short periods following defoliation, (2)
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changesin N concentrationsandallocationpatternsfollowing defoliationby grazersreduces
theusefulnessof NDVI asan indicatorof biomassandleaf area,and (3) NDVI-biomass
relationshipsmaybe season-specific,with sensitivityof this relationshipminimizedat
midseason(Figure 6; see also Davis et al. [this issue], Dyer et al. [1991]).
Cattle are often attracted to the most productive sites (containing the preferred C4 grass
species) and frequently regraze such areas, thereby maintaining low plant biomass [Hobbs et
al., 1991]. The net result of this activity is that neither fire management nor soil type (as a
function of hill slope position) becomes a good predictor of plant biomass or leaf area index
(LAI, Davis et al. [this issue]). Grazing tended to produce a more "homogenous grassland" in
terms of surface energy flux [Smith et al., this issue] than would be predicted based on either
physical site characteristics or LAI values.
NDVI-derived indices of LAI from ungrazed vegetation could be used to provide an index
of plant/trace gas and plant/evapotranspiration (ET) relationships [Arkley, 1963]. However,
management activities ubiquitous to grasslands, grazing, or mowing, severely limit the
usefulness of NDVI-derived estimates of trace gas and latent heat flux. Still, procedures may
exist to correct for underestimation of fluxes associated with grazed vegetation. Water-
stressed or senescent vegetation tends to have warmer canopy temperatures owing to the
relatively low ET rates of these surfaces in late summer [e.g., Asrar et al., 1988]. Canopy
temperature was strongly negatively related to biomass (and LAI) on our experimental plots
(R 2 = 0.57, P = 0.001, df = 23; see Figure 9a). This was caused in part by the reduction of
transpiring leaf area by mowing. However, the increase in N concentration (an indicator of
physiological activity) that results from foliage removal was also strongly related to surface
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temperature(R2 = 0.78, P = 0.0001, df = 23; see Figure 9b). Accordingly, sensors that
measure canopy temperatures could allow correction for a more physiologically active canopy
that, owing to grazing or other variables, has a reduced LAI.
Implications of Defoliation for Surface Energy Budget Studies
Defoliation-induced changes in reflectance observed in this study suggest that net radiative
input (R_) is less on grazed sites. For the growing season, reflectance of visible radiation
averaged 4-27% higher on mowed plots than on unmowed controls and approximately 8%
higher on grazed sites than on burned but ungrazed sites. Thus, net radiative input in the
visible portion of the spectrum was reduced by defoliation. Reflectance of NIR averaged 8-
18% lower on mowed plots than on unmowed controls and approximately 15% lower on
grazed sites than on burned sites. Thus net radiative input in this portion of the IR spectrum
was increased by defoliation. However, increased soil exposure and concommitant increased
soil temperature results in increased longwave export, leading to significant reductions in R_
[Smith et al., this issue]. Hence, grazing may alter surface energy budgets, through lower R_
and, via reduced leaf area, shifted partitioning of surface flux between latent and sensible heat
fluxes. Analysis of surface energy budgets in relation to site management of the FIFE area is
presented elsewhere [e.g., Smith et al., this issue; Davis et al., this issue]. Considering the
different effects of sensible and latent heat flux (local warming of the atmosphere via sensible
heat versus transport and release of energy downwind via latent heat flux), significant patterns
in atmospheric circulation and local and regional climate may be driven by land use patterns
that include grazing [Pielke and Avissar, 1990; Pielke et al., 1991].
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TABLE 1. Resultsof ANOVA on theEffectsof Mowing Height andDay of Yearon
NDVI andCoefficientsof Variationof NDVI.
Variable Treatment df F-value P r2
NDVI model 71 53.19 0.0001 0.94
height 3 70.53 0.0001
day 12 83.78 0.0001
heightx day 36 23.43 0.0001
CV NDVI model 71 1.72 0.001 0.34
height 3 8.94 0.0006
day 12 2.01 0.02
heightx day 36 1.47 0.05
NDVI = NormalizedDifferenceVegetationIndex,CV NDVI = coefficientsof
variationof NDVI. df, F-value,r2andP refer to thedegreesof freedom,calculated
valuesof the F statistic,the coefficientof determinationand significancelevel,
respectively,from ananalysisof variance(ANOVA).
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TABLE 2. RegressionEquationsfor RelationshipsBetweenNDVI andGrass
NitrogenConcentration,NitrogenContentof GrassFoliage,andTotal Above-ground
PlantBiomasson GrazingIntensityExperimentPlots.
Day of year x NDVI = b0 + blx r2 P
167 %N 1.14 0.386x 0.62 0.0001
N mass 0.49 + 0.117x 0.63 0.0001
biomass 0.50 + 0.001 lx 0.76 0.0001
243 %N 0.67 0.00015x 0.0002 0.99
N mass 0.65 + 0.0052x 0.04 0.34
biomass 0.65 + 0.00003x 0.08 0.18
301 %N 0.63 0.170x 0.43 0.0005
N mass 0.50 + 0.017x 0.06 0.28
biomass 0.47 + 0.00017x 0.35 0.004
Values for grass nitrogen concentration are given as %N; nitrogen content of grass
foliage (N mass) and total above-ground plant biomass (biomass) are given in grams
per square meter, b0, bl and r2 are the estimated slope, intercept and coefficient of
determination, respectively from simple linear regression analysis. P is the
significance level, indicating the usefulness of the regressor variable (x) as a predictor
of NDVI. Degrees of freedom (df) are 19, 22, and 20 for days 167, 243, and 301,
respectively.
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TABLE 3. Regression Equations for Relationships Between NDVI and Grass Nitrogen
Concentration, Nitrogen Content of Grass Foliage, and Total Above-ground Plant Biomass
during 1987 on Sites Grazed by Cattle.
Period x NDVI = bo + b_x r2 P
June - %N 0.639 0.0148x 0.001 0.98
October N mass 0.413 + 0.138x 0.41 0.003
Biomass 0.538 + 0.0004x 0.12 0.15
June - %N 0.793 0.117x 0.15 0.13
September N mass 0.509 + 0.090x 0.28 0.04
Biomass 0.581 + 0.0003x 0.15 0.14
June - %N 0.944 0.200x 0.47 0.03
July N mass 0.460 + 0.147x 0.72 0.001
Biomass 0.583 + 0.0005x 0.40 0.05
Regressions were performed for data collected June - October (degrees of freedom = 18),
June - September (degrees of freedom = 15), and June - July (degrees of freedom = 9). Units
same as in Table 2. bo, bl, r2 and P are defined as in Table 2.
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TABLE 4. Regression Analysis of Live Above-ground Grass Biomass and Nitrogen Content
of Live Above-ground Grass Material on Soil Depth for May 28-31, 1987.
Treatment/
Transect
Biomass on Soil Depth N Content on Soil Depth
b0 bl fl df P b0 bl r2 df P
Ungrazed*
1D 135 1.08 0.15 31 0.03 1.68 0.0206 0.25 31 0.003
UB 79 0.94 0.12 34 0.04 1.34 0.0202 0.14 34 0.02
N4 45 1.78 0.35 40 0.0001 0.56 0.0342 0.42 39 0.0001
2D_ 140 0.79 0.12 28 0.06 1.61 0.0145 0.14 28 0.04
Grazed
R5 NS 0.01 46 0.4 NS 0.00 46 0.7
R6 NS 0.01 28 0.6 NS 0.00 28 0.8
Form of the regression equations is: Biomass or N = b 0 + bl x Soil Depth. NS indicates
regressions are not significant. Values for above-ground biomass (biomass) and nitrogen
content of live aboveground grass material (N content) are given in grams per square meter;,
soil depth is given in centimeters, b0, bl, r2, df and P are defined as in Table 2.
*Ungrazed transect identifiers refer to KPRNA research watersheds.
tExcludes 3 samples in sites disturbed by erosion or an old roadway.
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Figure CaptionsList
Fig. 1. Mean NDVI versusdayof yearon (a) unmowedplots and(b) plots mowedonce,(c)
plots mowedthreetimes,and (d) plotsmowedsix timesduring the 1987growing season.
Vertical lines indicatemowingdates. Plots in Figure ld alsoweremowedon day 127. Error
barsshow standarderrors.
Fig. 2. (a) Mean NDVI and(b) coefficientof variationof NDVI versusdayof yearon
grazingintensityexperimentplots for four levelsof foliage removal. Control (ungrazed)plots
are indicatedby opencircles,5-cmfoliageheightby solidcircles, 10-cmheightby open
squares,and 20-cmheightby solid squares.
Fig. 3. Meanreflectanceasa percentof meanreflectanceon unmowedcontrol plotsversus
day of yearon grazingintensityexperimentplots in four Exotechradiometer bands (a) B 1,
(b) B2, (c) B3, and (d) B4). Solid curve indicates 5-cm foliage height, dashed curve indicates
10-cm height, and dotted curve indicates 20-cm height.
Fig. 4. Mean NDVI versus day of year on grazed, burned ungrazed, and unburned ungrazed
tallgrass prairie.
Fig. 5. Mean reflectance of ungrazed burned and grazed tallgrass prairie versus day of year
in four Exotech radiometer bands (a) B1, (b) B2, (c) B3, and (d) B4. Solid curves indicate
burned and dashed curves grazed sites. Error bars show standard errors.
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Fig. 6. RelationshipbetweenNDVI and(a) percentageof N, (b) N mass,and (c) biomasson
day 167(pluses),day 243 (opencircles)andday 301(solid circles)during the 1987growing
seasonon grazingintensityexperimentplots. Eachpoint representsoneplot. Lines are linear
regressions.Dashedline in Figure 6a is for datapooledoversamplingdates. For
significanceof slopesseeTable2 andtext.
Fig. 7. Nitrogenmassof live above-groundgrassmaterial,live above-groundgrassbiomass,
soil depth,andelevationabovesealevel alongtopographictransectsin (a) ungrazedand(b)
grazedwatershedsfor May 28-31(FIFE IFC 1). Error barsshowstandarderrors. Transectin
Figure 7a ran west-east;that in Figure 7b ran east-west.
Fig. 8. Live above-groundgrassbiomassandN massof live above-groundgrassmaterialas
a function of transectdistanceandtime (IFC's in 1987)for two grazedwatersheds.Sample
pointsand IFC datesare indicatedby numberedposts.
Fig. 9. Relationshipbetweensurfacetemperatureand (a) biomassand(b) %N on grazing
intensityexperimentplots. Eachpoint representsone plot.
measured on day 196. Biomass was measured on day 243.
Surface temperature was
Because plots were maintained at
treatment heights there was little difference in biomass on days 196 and 243. Percentage of
nitrogen was measured on day 190. Equations of the regression lines are y = -0.025x + 48.46
(df = 22, r2 = 0.57) for biomass and y = 16.60x + 23.68 (df = 22, r2 = 0.78) for %N.
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ABSTRACT
Productionof tallgrassprairie vegetationwasmeasuredon experimentalplots in which
defoliation intensity andfrequencyweremanipulatedby mowingandusing movable
_closures on areaschronicallygrazedby cattle. Defoliationhistory largelyc_ntroUed
whetheror not defoliatedplantsovercompensated(exhibitedenhancedproductioncompared
to undefoliatedcontrols)for tissueremoval.
compensatedfor foliage removedby grazers.
Plantsonchronicallygrazedsitesonly
Productionon plotsmowedprior to the yearof
measurementwassimilar to that on chronicallygrazedsites,while previouslyunmowedplots
exhibitedsubstantialabovegroundovercompensation.Abovegroundproductionwas
maximizedby the mostfrequentmowing treatmentandby intermediatemowing heights.
Nitrogen andphosphorusconcentrationsand amountsin abovegroundtissueswere increased
by mowing andgrazing. Currentmowing regimewasmoreimportantthanmowing history
in determiningnitrogenconcentrationsexceptvery early in the growing season.Effects of
grazingandmowing on belowgroundbiomasswereinconsistent,but frequentmowing
appearedto limit accumulationof belowgroundN reservesandbiomass.
In North Americangrasslands,overcompensationis a non-equilibriumplant response
to grazing. Photosynthatethat wouldbe storedasreservesandusedfor root growth, flower
and seedproductioninsteadis usedto replacelost leaf area,therebyresultingin higher
foliage productivity. However,underchronicgrazingor mowing,vegetationis prevented
from maintaininghigh nutrientand wateruptakecapacity(largeroot biomass)and
accumulatingreservesthat allow overcompensation responses.
KEY WORDS AND PHRASES
tallgrassprairie; grazingby cattle;mowing;abovegroundandbelowgroundbiomass;nitrogen;
overcompensation;maximizationof production;defoliationintensity, frequency,history
maximizationresponsesin vegetation;belowgroundbiomassresponsesto mowing frequency
vs. mowing intensity;root biomassandlong-termpatternsof defoliation; grassproductionand
N massresponsesto mowing; chronicgrazingandcompensatoryresponses;carbonallocation
to foliage following grazing;grazinghistory mediationof productionmaximization
2
INTRODUCTION
Much debatehasfocusedon whetheror not herbivoryincreasesprimary production
(Belsky 1986,McNaughton1986,Jeffries 1988)andon theecologicalconditions(Georgiadis
-_al. 1989,Harmett 1989,Maschinskiand Whitham1989)or level of biological organization
(Brown and Allen 1989)in which increasedproductionmay occur. Resultsof severalfield
and laboratoryexperimentssuggesthat primary productionis increasedby grazing(Dyer
1975,McNaughton1976,Pearson1965)eventhoughherbivoryis known to reducebiomass
andproductionat the level of the individual tiller. For individual species,nutrientavailability
andinteractionsamongweather,timing of herbivoryandcompetitors,aswell asspecies
characteristics,determineresponsesto herbivory(MaschinskiandWhitham 1989). At the
ecosystemlevel, nutrientavailability, as influencedby weatherandthe timing of herbivory,
appearsto be theprimary control on productivity (LaunchbaughandOwensby1978,Holland
andDetling 1990).
A substantialdatabaseon the abovegroundresponseof grasslandvegetationto
grazingby livestock (LaceyandVanPoollen 1981,Simsand Singh 1978a,b)suggeststhat
moderategrazingcanhavea positive,neutralor negativeeffecton primary production
dependingon theconditionsof the study. McNaughton(1979)suggestedthat aboveground
productionis increasedsomewhatby low levelsof grazing,reducedat very high levelsof
grazing,and maximizedat somemoderatelevel of grazingcomparedto productionin the
absenceof grazing(the "grazingoptimizationhypothesis").Overcompensationoccurswhen
the amountof replacementbiomassproducedexceedstheamountremovedby herbivores.
Maximizationof productionat moderategrazingintensitiesis oneexampleof
overcompensation(McNaughton1983).
Recently,Seastedt and Knapp (in review) reported that alternations in limiting
resources produces consistent "maximization" responses in vegetation. Thesea_sponses are
-._Naserved over very short time periods (e.g., photosynthesis response to sunfleelcs), as well as
over longer time intervals (e.g., production responses between years). In tallgrass prairie,
equilibrium conditions, generated by the absence of ftre and grazing, create energy limiting
growth conditions caused by shading effects of litter (Knapp and Seastedt 1986). Plants and
soils tend to accumulate nitrogen under these conditions. When energy constraints are
removed or the strength of the aboveground sink for nutrients and photosynthate is increased,
a greater than normal production response is possible due to higher than normal energy and
nitrogen availability (Seastedt et al. 1991).
In the absence of grazing, the dominant tallgrass prairie vegetation tends to maintain
large root systems and store substantial carbohydrate reserves in rhizomes (e.g. Rains et al.
1975). These reserves and the ability to acquire water and nutrients appear to allow rapid
spring growth, with consequent shading of competing tillers. Reserves may also be used as
an energy source for flowering stems, which are produced in early autumn in southern
tallgrass zones. The availability of water may therefore control whether reserves are used for
autumn flowering or for spring growth. These reserves may also be used for regrowth in the
event of foliage or root destruction. Excellent reviews on carbon allocation responses of
grasses are available (Marshall 1977), and recently Chapin (1991) has incorporated these and
other studies in a generalized model of plant response to stress. Chapin noted that plants that
divert resources to functions other than growth such as defense, storage or reproduction will
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lack the growth responsesof species not allocating carbon and nuwients in this manner. From
this perspective, grazing may result in increased production over the short term by inducing
plants to use photosynthate for regrowth of aboveground tissue rather than for-.non-
_l_hotosynthetic activities such as accumulation of reserves and maintenance of-_oot systems.
Under chronic grazing, however, plant production responses may be limited by lack of stored
reserves or insufficient root biomass to supply demand for resources.
We hypothesized that overcompensation and the amplitude of the maximization
response of grazed plants are largely controlled by storage of potentially limiting resources
and the capacity to take up required resources from the soil prior to the initiation of grazing
events. Preliminary evidence for the importance these stored reserves and belowground
biomass came from the re-analysis of data reported 60 years ago by Aldous (1930, Fig. 1).
This three-year study conducted on land previously lightly grazed indicated a modest
overcompensation (117% of controls, using the fitted curve shown in Fig. 1) response to
clipping in the first year, while the same clipping intensity had negative effects in the second
and third years (Fig. 1). Plant responses changed dramatically through time, but the indirect
effects of grazing (trampling, urine deposition, etc.) were not included or evaluated by that
study.
In the present study we evaluated the role of grazing history on plant responses and
compared the effects of the frequency and intensity of defoliation on plant responses of native
tallgrass prairie. Grazing intensity was defined as the amount of leaf area remaining
following defoliation and was manipulated experimentally by mowing at several heights.
Grazing frequency was defined as the number of times foliage removal occurred and included
grazingand mowinghistoryaswell ascurrentmowing frequency. Observationalstudiesalso
wereconductedusingmoveableexclosures(McNaughton1979)on long-termgrazedpastures
to providedataon actualgrazingfor comparisonwith resultsfrom mowedplots. This study
_as part of a largereffort to assessthe effectsof defoliationandfertilizationOffproduction
and spectralreflectancepropertiesof tallgrassprairieplant communities(Dyer et al. 1991,
Turner et al., in press).
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METHODS
Researchwasconductedon KonzaPrairieResearchNaturalArea (KPRNA), a 3,487
ha site locatedabout 12km southof Manhattan,Kansas,in theFlint Hills of_northeastern
_-ansasandon 5 othersiteswithin 10km selectedfor intensivestudyduring the First
InternationalSatelliteLand SurfaceClimatologicalProject(ISLSCP)Field Experiment(FIFE,
Sellerset al. 1988). Dominant vegetationof this areais characterizedby warm-season,
tallgrassprairie speciessuchasbig bluestem(Andropogon gerardii Vitman), little bluestem
(A. scolparius Michx.) Indian grass (Sorgastrum nutans (L.) Nash), and switchgrass (Panicum
virgatum L.). A general description of the vegetation of this specific region of the tallgrass
prairie is presented in Hulbert (1986), Bragg and Hulbert (1976) and Freeman and Hulbert
(1986), while productivity of this region has been extensively documented for both grazed
(e.g. Owensby et al. 1970, Launchbaugh and Owensby 1978) and ungrazed prairie (Towne
and Owensby 1984, Briggs et al. 1989). Hobbs et al. (1991) provided recent information on
the interaction of grazing and fire in the nitrogen dynamics of tallgrass prairie.
In 1987, a mowing intensity experiment was superimposed on 24, 10m x 5m plots
established in early 1985. Previous to experimental treatments initiated in 1985, the site had
not been _azed for 10 years. The site had been frequently burned in spring during this
interval. One third of each plot was mowed 6 times during the growing season in 1985 and
1986, one third was mowed 3 times, and one third was left unmowed during 1985 and 1986.
In 1987, these plots were used to create six replicates of the following mowing treatments: 1)
unmowed (control), 2) mowed to 5 cm above ground level, 3) mowed to 10 cm, and 4)
mowed to 20 cm. Mowing was conducted as needed to maintain vegetation at treatment
heightsandall plots weremowedon eachsamplingdate. In 1987,all threesectionsof each
plot were sampleduntil 7 June;only the sectionsthat werepreviouslyunmowedand those
mowed6 timesweresampledthereafter. Vegetationabovethe establishedexperimental
-t_ightswasclipped in one0.lm_quadratoneachplot or sectionof plot just trrior to mowing
to estimatethe amountremovedby mowing. Vegetationin 0.1m2quadratson eachplot or
sectionof plot wasclipped to groundlevel on 16June,31 August,and28 October.
Abovegroundbiomassproductionwascalculatedfor eachplot by summingthe estimatesof
biomassremovedby mowing andthe standingcropat eachdate. Massof N andP
incorporatedinto abovegroundtissueswascalculatedby multiplying percentconcentration
andbiomassand summingthe result.
A separatemowing frequencyexperiment,alsoconductedin 1987,evaluatedthe
consequencesof completefoliage removalonce,threetimes,or six times at regularintervals
over the growing season.Noneof the plotsusedin this mowing frequencyexperimenthad
beenmowedor grazedfor 10years. Plots werelocatedadjacentto mowing experimentplots
andwere burnedon the samescheduleas intensityexperimentplots. Themowing frequency
experimentconsistedof twelve 10m x 5 m plots andeight 10m x 10m plots randomly
assignedto create5 replicatesof thefollowing mowing treatments:1) unmowed(control), 2)
mowed 1 time, 3) mowed3 times,and4) mowed6 timesduring the growing season.All
plots weremowedascloseto the soil surface(approximately2 cm) aspossible.
Abovegroundstandingcropwassampledby clipping at groundlevel in one 0.1 m2quadrat
per plot just prior to mowing. Foliagebiomass,N andP masseswerecalculatedasbefore.
In 1987and 1988,ten, 1 m x 1m x 0.5 m high moveablecattleexclosureswere used
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to quantify abovegroundplant biomassdynamicson eachof four sites. Threeof thesesites
were locatedin uplandsandweresampledeachyear. Thefourth site sampledin 1987was
locatedon a moderate,north-facingslope. Thefourth site sampledin 1988waslocatedon a
--_teepsouth-facingslope. All siteshadbeengrazedeachyearandburnedfreq-_entlyduring
the preceding10years.
Vegetationwassampledat 2-3 weekintervalsduring the growing seasonby clipping
all vegetationwithin 0.1 mzquadratsto groundlevel. Biomasswasmeasuredinside
moveableexclosures,outsideexclosures(in unprotectedvegetation),andinsidepermanent
exclosures.Exclosuresweremovedto previouslyunsampledlocationswithin a distanceof 10
m after sampleswereobtained,andtheseremainedin placeuntil the next samplingdate. Net
abovegroundprimary productionsincethelast samplingdatewascalculatedasthe difference
betweenmeanplant biomassinsideexclosureson the samplingdateandmeanplant biomass
outsideexclosureson theprevioussamplingdate. Grassbiomassconsumedsincethe last
samplingdatewascalculatedasthe differencebetweengrassbiomassinsideandoutsidethe
exclosure. Estimatesof cumulativeproductionor consumptionwerecalculatedasthe sumof
positive differencesfrom moveableexclosuredataor the sumof positivebiomassincrements
from permanentexclosuredata. Statistically,this proceduremay bebiased(e.g.,Singhet al.
1984);however,sincerelative growthratesof regrowthvegetationdiffer drasticallyfrom that
of ungrazedvegetation(Hilbert et al. 1981;Vinton 1990),we believethis procedureis
superiorto usingdatafrom fixed, ungrazedexclosures.
Massand N contentof rootsandrhizomeson the 1985-86mowedplots were
estimatedin October1986. Rootswerecollectedusing5 cm dia. x 30cm deepsoil core
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samples;rhizomeswerecollectedby hand-sorting0.33m by 0.33m by 0.1 m deepsoil
monoliths. In October1987,two soil cores (5 cm alia. by 20 cm deep) with roots and
rhizomes intact were obtained from each experimental plot and from 4 locatioa_ at each
-grazed site. Each pair of cores were composited into one sample. Four paired-_ores also
were obtained from an additional 9 ungrazed and 2 grazed sites. While grass rhizomes were
collected in soil cores, the small size of the samples, in conjunction with a tendency for live
rhizomes to break rather than cut cleanly in the coring tool, prevented this procedure from
producing accurate estimates of rhizomes. Only root data are therefore reported from the soil
core samples. Plant material was separated from soil using methods described by Smucker et
al. (1982), as modified by Hayes and Seastedt (1987).
All aboveground plant material was sorted into grasses and forbs, dried at 60 degrees
C to constant mass, and weighed. Belowground plant material was sorted into live and dead
grass roots, forb roots and rhizomes, dried, and weighed. Dried grass samples were ground
through a 40-mesh screen, digested with a micro-Kjeldahl procedure and processed through a
Technicon Autoanalyser for total nitrogen and phosphorus.
Effects of mowing intensity and frequency on foliage production, nutrient
concentration, and belowground biomass were analyzed using one-way analysis of variance.
N and P concentration data were transformed using an arcsine-square root transformation (Zar
1984) before analysis. Effects of previous mowing frequency and mowing intensity on
production, nutrient concentration, and belowground biomass were analyzed using two-way
analysis of variance.
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RESULTS
Precipitationfor 1987was94% of average. June was drier (16% of average) and
August was wetter (240% of average) than the 35-year mean for those months.: Growing
-_e_ason precipitation (April - September) was 92% of average. In 1988, precipitation was 58%
of average for the year and 66% of average for the growing season. Thus, the study period
included both nominal and drought conditions.
Root and Rhizome Biomass
Belowground biomass at the end of the 1986 vowing season, and consequently the
initial conditions of intensity experiment plots, were affected by mowing in 1985-86 (Table
1). Autumn 1986 live grass root biomass was significantly reduced by mowing (F = 3.91, P
< 0.04), with reductions of approximately 30% compared to unmowed plots resulting from
mowing 6 times. N mass in live rhizomes also was reduced by mowing (F= 3.33, P < 0.05).
Mowing had no effect on dead root biomass, dead rhizome biomass or the amount of N in
these parts.
Autumn 1987 total root biomass to a depth of 20cm ranged from 813 to 1456 g m z
for all sites sampled in this study. Grass root biomass (live + dead) comprised over 91% of
total belowground biomass at each site. The ratio of dead to live grass roots ranged from 2.9
to 6.6 and averaged 4.5. Forb (herbaceous dicot) root biomass comprised less than 10% of
total root biomass at all sites.
Analyses of variance indicated that there were no statistically significant effects of
grazing, mowing height or frequency, or previous mowing history on end-of-season total root
biomass or any component of root biomass (total grass roots, live grass roots, dead grass
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roots, andforb roots). However,trendsin root biomassdatafrom the intensityexperiment
wererelatedto long-termpatternsof defoliation(Fig. 2A). Live grassroot biomasswas less
on plots mowedin 1985-86thanon plotsnevermowed,andthe reductionin biomass was not
-a:_lated to mowing height. Dead grass root biomass was 14-29% greater on rrrt_ed plots than
on unmowed controls, and dead root mass was consistently higher on plots mowed in 1985-86
than on same treatment plots left unmowed during this time. Live and dead root N
concentrations were not affected by mowing height. Consequently, N mass in these tissues
showed the same patterns as did biomass.
Mean grass root biomass on 3 types of sites in this study (first year of grazing, long-
term grazed, or long-term ungrazed) appear in Fig. 2B. Data for the f'trst year of grazing
were from plots mowed 6 times in the mowing frequency experiment and intensity
experiment plots unmowed in 1985-86 and mowed to 5cm in 1987. Effects of length of
grazing on root biomass were not statistically significant but the data suggest that root
production is lower in the first year of grazing than on sites with long histories of grazing or
the absence of grazing.
Aboveground Response on Plots with No Recent History of Grazing:
Mowing Frequency
An ANOVA indicated that mowing frequency significantly affected season-long grass
production (F = 6.92, P < 0.004). Production increased with mowing frequency (Fig. 3).
Mean biomass production on plots mowed 1, 3, and 6 times was 19, 38, and 61, percent
greater, respectively, than on unmowed plots. Forb production accounted for _pproximately 6
percent or less of total aboveground production and was not affected by mowing frequency.
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Mowing frequencyalsoaffectedabovegroundN andP mass(F = 50.76,P < 0.0001;F =
22.67,P < 0.0001,respectively,Fig. 4). Nitrogenmasson plots mowed1, 3, and6 times
was 1.7,3.3and 4.3,times greater,respectively,thanon unmowedplots. Phosphorusmass
plots mowed1, 3, and6 timeswas2.1, 3.8, and5.2 timesgreater,respectively,thanon
unmowedplots. Mowing resultedin elevatedfoliar concentrationsin grassesof both N and P
throughoutthe growing seasoncomparedto concentrationson unmowedplots. High initial
tissueconcentrations(2.4%N and0.26%P on unmowedplotsdeclinedwith early season
growth to 0.85%N and0.10%P by day 175andremainedlow throughouttherest of the
season. In contrast,foliar N andP concentrationson mowedplotswashigh (1.30-1.64%N
and 0.16-0.20%P) until mowingwasdiscontinued. Following retranslocationprior to
senescencelate in the season(Hayes1985)concentrationswerehigheron mowedplots than
on unmowedplots (0.53%N and0.06%P on unmowedplotsvs.0.65-0.99%N and0.08-
0.16%P on mowedplots).
Aboveground Response on Plots with No Recent History of Grazing:
Mowing Intensity
Differences in aboveground grass production due to cutting foliage to different heights
were not statistically significant early in the season (day 167, F = 0.20, P < 0.89). However,
plots mowed to 5, 10, and 20 cm heights had produced on average 6, 14, and 17 percent,
respectively, more grass biomass than had unmowed controls (Fig. 5A). By day 243, all
mowed plots had significantly outproduced unmowed controls (F = 5.35, P < 0.007), with 5,
10, and 20 cm plot producing 32, 42, and 54 percent, respectively, more than_unmowed
controls. Biomass increased on control plots but not on mowed plots after 31 August (day
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243). As a result,differencesbetweentreatmentsat theendof the growing season were not
significant (day 301, F = 2.60, P < 0.08). By the end of the growing season, however, 5, 10,
and 20 cm plots had produced on average 13, 21 and 26 percent more than uamowed
_t:ontrols. Forb production was highly variable within and between treatments.----Forbs and
accounted for 7-12% of annual aboveground production.
forb production due to reduced competition from grasses.
There was no evidence for increased
The ephemeral nature of many
tallgrass prairie forb species and the sampling scheme employed in this study make it unlikely
that competitive release would be observed.
Tissue removal resulted in increased nutrient concentrations and amounts of nutrients
in aboveground tissues in direct relation to the intensity of mowing. By late August (day
243) N mass in aboveground tissue was significantly higher (F -- 16.95, P < 0.0001) for all
mowing heights than on unmowed controls (Fig. 5B). N mass was approximately 2.2 - 2.5
times higher on mowed plots than on unmowed plots. At the end of the growing season
differences between mowing treatments and unmowed controls were significant (day 301, F =
18.83, P < 0.0001). N amounts were not as large as at the August sampling date perhaps
because of retranslocation of N to belowground organs after midseason (Hayes 1985).
Nitrogen and P concentrations in aboveground tissues declined over the growing season under
all treatments. Nitrogen concentrations were affected by mowing height at every sampling
date after day 141 (ANOVA by date, P < 0.05 for 7 dates). Phosphorus concentrations also
were affected by mowing height on all sampling dates after day 141, except day 175
(ANOVA by date, P < 0.05 for 6 dates). _
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Foliage Response of Sites with History of Defoliation:
Historical Mowing Frequency
Early in the growing season (to day 154), grass removed by mowing on plots mowed
1985-86 was significantly less than that harvested from plots left unmowed-_m 1985-86
(Fig. 6). Results of a two-way ANOVA of the effects of mowing height in 1987 and mowing
frequency in 1985-86 indicated that reduced offtake was related to mowing history but not
current mowing height and that there was no interaction between mowing history and mowing
height (F = 3.02, P < 0.01). Harvest amounts from plots mowed 3 and 6 times were little
different, suggesting that, similar to Aldous's findings (Fig. 1), removal of foliage in one year
significantly reduces subsequent growth.
Patterns of production resulting from differing defoliation intensities were clearly a
function of the mowing regime in effect prior to this study (1985-86, Fig. 7). On previously
unmowed plots, mowing resulted in greater production than on unmowed controls, regardless
of mowing height, with light defoliation intensity (20cm mowing height) resulting in
maximum production. On plots that had been mowed in 1985-86, production was reduced
overall and maximized at an intermediate level of defoliation (10cm mowing height). Results
of a two-way ANOVA using mowing height and history suggested that mowing history was
more important than current mowing height in determining grass production well into the
current growing season (Table 2). By day 310, both mowing history and intensity affected
production significantly. Regression analyses of belowground biomass and N amounts at the
end of 1986 on aboveground production in 1987 indicated significant but weak relationships.
Season-long aboveground grass production and N mass in grasses were linearly related to N
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reserves(F = 5.68,P < 0.02,df = 31, r2= 0.16 for grassproductionand F = 5.48,P < 0.03,
df = 31, r2= 0.15 for N mass). Season-longabovegroundgrassproductionwasalsolinearly
relatedto live grassroot biomass(F = 4.93,P < 0.03,df = 31,r2= 0.14). --.-_
_- In contrast,mowinghistorywas lessimportantin determiningN concentrationsin
foliage thanwascurrentmowingheight. Only early in thegrowing season(day 141)were
theresignificantdifferencesin N concentrationsdueto previousmowing (Table 3). In
addition, significantdifferencesin concentrationsdueto mowingheightat day 141werenot
consistentwith thepatternestablishedlater. After day 154,N concentrationswereaffected
by currentmowing heightbut not by previousmowing, with N concentrationsdecreasingwith
increasingmowing height.
Foliage Response of Sites with History of Defoliation."
Long-term grazed pastures
Grazing intensity varied widely both within and between seasons and sites (Fig. 8A,
B). Standing crop of grasses was inversely related to grazing intensity in both years (Fig. 8C,
D). In the drought year (1988), standing crop of grasses was much lower throughout the
season than in 1987. In 1987, grasses at all sites except one appeared to compensate for
foliage removal by grazing in direct proportion to the amount of foliage removed (Fig. 8E).
Compensation resulted in season-long production similar to that on ungrazed plots despite
large differences in the proportion of production removed by cattle. Continuous competition
from a very diverse community of forbs may have prevented a compensatory response by
grasses at the site that was the exception. In 1988, grasses at all sites except one appeared to
compensate for foliage removal by grazing (Fig. 8F). Grass production on these sites was not
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different from productionof grassesprotectedfrom grazingwithin a permanentexclosure.
Seasonaltrendsin nitrogenconcentrationsweredirectly relatedto grazingintensity in
1987and 1988. In 1987high early seasonN concentrationswere dilutedasgrassbiomass
-at,cumulatedin ungrazedgrassesandremainedlow for muchof the growing season.In
contrast,N concentrationson siteswhere25% or moreof productionwasremovedwashigher
than that in ungrazedgrassesthroughoutthegrowing season.In 1988,N concentrationswere
higher onheavily grazedsitesthanon siteswheregrazingwaslesssevere.
In 1987,the amountof N incorporatedinto abovegroundgrasstissueon grazedsites
rangedfrom 2.17 to 4.69g m_ comparedto ameanof 2.25g N m2 (std error= 0.29,n = 3)
at the endof the growing seasonin grassesprotectedfrom grazingin permanentexclosures.
In 1988,the amountof N incorporatedinto abovegroundgrasstissueon grazedsitesranged
from 2.33 to 3.45g N m2 comparedto 2.06g N m2 (stderror = 0.29,n = 2) at the end of
the seasonin grassesprotectedfrom grazing. Peak(midseason)abovegroundN in grasses
protectedfrom grazingwas4.14g mz.
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DISCUSSION
A variety of mechanismshavebeenproposedto accountfor increasedproduction
following grazing. Direct mechanismsprimarily involving physiologicalresponsesof
-i_ividual plantsto defoliationinclude 1) increasedphotosyntheticratesin re_-;ainingtissue,
2) allocationof proportionatelymorephotosynthateto theproductionof new leaf area,3)
increasedtillering, 4) translocationof reservesfrom belowgroundorgansto foliage, and 5)
increasednutrientuptakeby roots. Indirectmechanismsprimarily involving alterationof
resourcelevels following defoliation include 1) openingof the canopyandincreasedlight
penetration,2) reductionin transpirationalwaterlossbecauseof reducedleaf areaand
conservationof soil water,and 3) morerapid cycling of nutrientsby depositionof utilizable
forms in fecal matterandurine in theuppersoil layers(Botldn et al. 1981).
Our resultsdemonstratethat defoliationhistory is of major importancein determining
the magnitudeof theaboveground"maximizationresponse",andthat, consistentwith our
hypothesis,chronicgrazingfails to producelittle more thana compensatoryresponse.On
plotsnot grazedfor 10years,grassesunderall mowing treatmentsovercompensatedfor
foliage removalwhencomparedwith unmowedcontrols. Aboveground production was 19-61
percent greater following mowing to ground level and 13-26 percent greater following
maintenance at specific heights than production on unmowed plots. In contrast, aboveground
production was generally less or no different on grazed sites in 1987 and 1988 than on
ungrazed sites despite a range of grazing intensities similar to those imposed on treatment
plots. Other studies of production on long-term grazed areas also suggest thatehronic grazing
limits the magnitude of the aboveground maximization response. For grazed and protected
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rangelandsin thewesternU.S.Laceyand VanPoollen(1981)concludedthat on average
production of grazed areas was 68 percent lower than that of protected areas. Data from
tallgrass prairie included in their review (Sims et al. 1978) indicated production of grazed
-areas was between 5 and 13 percent less than that on protected areas. Vinton-¢1990) reported
reduced relative growth rates, biomass, and survival for individual tillers in the year following
defoliation. In the year of defoliation, however, these tillers exhibited increased relative
growth rates compared to undefoliated tillers and compensated for tissue removed.
Our 1987 data indicate that grazing does not have substantial negative impacts on root
biomass, at least in the top 20 cm of soil. The data indicate a statistically nonsignificant
decline after the start of grazing and that this reduction (relative to ungrazed) may be greater
in the fn-st year of grazing than on long-term grazed sites (Fig. 2). A strategy of allocating a
disproportionately high percent of available photosynthate to replacing lost foliage at the
expense of root production may be advantageous in the first year of grazing or if grazing
occurs infrequently. Over the long term, however, a more equitable balance between above-
and belowground production may be more advantageous. Our failure to show significant
declines also may be an artifact of the sampling depth, as grazing influences root distribution
as well as productivity (Lorenz and Rogler 1967). A large data base indicates that grazing
consistently reduces root production and root biomass (Weaver 1950, 1958), although several
studies have reported similar root biomass inside and outside grazing exclosures (Sims and
Singh 1978a, b, Milchunas and Lauenroth 1989, van der Maarel and Titlyanova 1989).
Root and rhizome data collected in 1986 after 2 years of treatment indicate that
defoliation can have substantial negative impacts on belowground biomass that may limit the
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rangeof subsequentplant productionin responseto grazing. Both root biomassand,more
importantly,N reservesin roots andrhizomeswerereducedby mowing asfew as3 times
during thepreviousgrowing seasons(Fig. 2). Thesedifferencesin N reserves-androot
-/_mass were directly relatedto the abovegroundproductiondifferenceson inl_nsity
experimentplots in 1987. Root andrhizomenitrogenreservesaredepletedduring the period
of rapid leaf andshootgrowth earlyin the season(Hayes1985). Hayes(1985)estimatedthat
approximatelyhalf of thenitrogenin belowgroundstructuresis exportedduring the first half
of the growing season.Reducedroot biomassmay alsolimit productionby inhibiting water
andnutrient uptakeearly in the seasonwhengrowing conditionsareotherwisemost
favorable.
Intensity vs. frequency of clipping
As suggested by Crawley (1983) and Maschinski and Whitham (1989), grazing
optimization is a function of the timing of foliage removal relative to the physiological state
of the vegetation. Differences between frequency and intensity experiment results support
that suggestion. In this study, production was highest on frequency experiment plots that
were mowed to ground level 6 times during the growing season. The most nearly comparable
plots in the mowing height experiment, with respect to mowing intensity, were those plots
mowed 8 times to a height of 5 cm. Mean production on the latter plots, however, was
approximately 20 percent less than the maximum observed. The primary difference between
the mowing regimes imposed on these sets of plots was the length of time for recovery
between mowings in the first half of the growing season, when conditions for-growth were
most favorable. During the f'trst half of the growing season, the mean number of days
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betweenmowingsfor frequencyplotsmowed6 timeswas25days,while meannumberof
daysbetweenmowingsfor intensityplotsmowedto 5 cm was 12days. Thus 6x plots were
allowedto recoverfor longerperiodsthanwere5-cm plots. Oesterheldand_McNaughton
L4.988) similarly reported that aboveground overcompensation for foliage removal was likely
only when intervals between clipping events were extended because relative growth rates
initially declined following defoliation and subsequent increases in growth rates were slow to
OCCHI'.
Initial mowing dates for 6x and all height treatment plots was day 128, but initial
mowing dates for 3x and lx plots were 19 and 48 days later, respectively. Gillen and
McNew (1987) reported that both maximum growth rates and maximum regrowth attained
following a one-time mowing treatment declined as the time of cutting was extended into the
growing season and the lower production on 3x and lx plots is in agreement with those
results.
Vegetation on intensity and frequency plots differed significantly in canopy structure.
Nearly all foliage was removed at each mowing of frequency plots and typical canopy
structure was allowed to reestablish. In contrast, smaller amounts were removed from 5-, 10-,
and 20-cm plots at each mowing and canopies were maintained at much shorter, uniform
heights. This treatment pattern created a gradient in canopy structure in which light
availability to photosynthetically active tissue generally increased with amount of foliage
removed. Differences in subsequent regrowth and seasonal production were then partly a
function of light availability and amounts of photosynthetically active tissue. In addition, soil
temperature increases resulting from soil surface exposure to solar radiation may have
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facilitatedroot uptakeandmicrobial processesdetermining nutrient availability, particularly
during the relatively wet late summer period in 1987 (e.g., Holland and Detling 1990).
In tallgrass prairie, aboveground production that overcompensates for foliage removal
-by grazers appears to be a "maximization" response mediated by grazing history. Grazing on
previously ungrazed sites results in the use of reserves and root uptake capability for foliage
tissue replacement. Carbon allocation to aboveground tissue is enhanced at the expense of
belowground biomass. Chronic grazing, on the other hand, results in plants with fewer
reserves and less capacity to supply photosynthetic demands. Overcompensation is therefore
less likely. Defoliation intensity and frequency regimes superimposed on environmental
conditions modify production responses within limits imposed by grazing history.
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Table 1. Effectsof mowing in 1985-86on autumn,1986,live grassroot biomass(g
m'2),live grassrhizomeN mass(g m':), andbelowgroundN reserves(live grassroot
+ live rhizomeN mass,g m':). Treatmentmeansrepresentmeanvaluesfor eight
replicatesof eachtreatment. Standarderrorsaregivenin parentheses.--Meanswith
different letterswere significantlydifferent (P < 0.05)usingDuncan'sMultiple
Rangetest.
TREATMENT ROOTS RHIZOME N N RESERVES
Unmowed 560 a (41.6) 2.35 (0.19) 6.12 (0.46)
3x 430 ab (36.8) 1.82 (0.21) 5.12 (0.46)
6x 379 b (59.5) 1.76 (0.12) 4.78 (0.40)
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Table 2. ANOVA resultson the effects of mowing history and mowing height on
cumulative grass biomass production. Separate analyses were performed for each day.
Treatment means (mowing height and mowing history) represent mean values of 6
replicates. Treatment means within days with different letters indicate that treatments
were significantly different using Duncan's Multiple Range test.
DAY TREATMENT MEAN F VALUE PR > F _: R 2
167 Model 216.3 2.79 0.019
Height 0.73 0.541
5cm 217.0
10cm 233.1
20cm 221.5
Control 193.8
History 17.22 0.0002
0x 256.4a
6x 176.3b
Height*History 0.12 0.947
0.328
243 Model 457.2 4.09 0.0002
Height 2.06 0.1211
5cm 461.5
10cm 479.2
20cm 485.8
Control 402.3
History 11.24 0.0018
0x 501.6a
6x 412.8b
Height*History 3.74 0.0186
0.417
301 Model 446.4 5.71 0.0001
Height 3.68 0.0198
5cm 449.9a
10cm 480.0a
20cm 470.1a
Control 385.5b
History 27.42 0.0001
0x 504.4a
6x 388.4b
Height*History 0.52 0.6720
0.500
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Table 3. ANOVA results on effects of mowing history and mowing height on N
concentrations (% dry wt) in grasses. Separate analyses were performed for each day.
Treatment means represent mean values for six replicates of each treatment. Means within day
and source with different letters indicate that treatment means were significantly different using
Duncan's Multiple Range tesL
DAY SOURCE F-VALUE P>F R2 TREATMENT MEAN
141 Model 4.01 0.0069 0.409
Height 4.53 0.0194
1.923
5cm 1.913ab
10cm 1.858b
20cm 2.004a
History 6.59 0.0157 0x 1.974a
6x 1.868b
Hgt*Hist 2.19 0.1298
154 Model 1.76 0.1542 0.246 1.646
167 Model 5.17 0.0003 0.475 1.198
Height 11.48 0.0001 5cm 1.402a
10cm 1.208b
20cm 1.173b
Control 1.008c
History 0.0 0.951 0x 1.199
6x 1.196
Hgt*Hist 0.57 0.640
175 Model 7.04 0.0002 0.540
Height 16.57 0.0001
History 0.71 0.406
Hgt*Hist 0. 68 0.516
1.456
5cm 1.637a
10cm 1.418b
20cm 1.313b
0x 1.476
6x 1.436
190 Model 8.64 0.0001 0.590
Height 20.17 0.0001
History 0.21 0.651
Hgt*Hist 1.32 0.283
1.557
5cm 1.803a
10cm 1.537b
20cm 1.33 lc
0x 1.571
6x 1.543
(continued on next page)
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Table3. (continued)
DAY SOURCE F-VALUE P>F R2 TREATMENT MEAN
223 Model 8.34 0.01301 0.590
Height 20.47 0.0001
History 0.0 0.95
Hgt*Hist 0.37 0.693
1.294
5cm -q .453a
10cm 1.309b
+__,
20cm .1.106c
0x 1.290
6x 1.298
243 Model
Height
25.02 0.0001 0.818
57.07 0.0001
History 0.20 0.660
Hgt*Hist 1.24 0.309
0.986
5cm 1.266a
10cm 1.036b
20cm 0.882c
Control 0.782d
0x 0.985
6x 0.986
301 Model
Height
11.26 0.0001 0.669
24.68 0.0001
History 1.56 0.220
Hgt*Hist 1.07 0.374
0.656
5cm 0.862a
10cm 0.725b
20cm 0.592c
Control 0.463d
0x 0.640
6x 0.674
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Figure legends:
Figure 1. Aboveground production as a function of mowing frequency.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Plots were
mowed the same number of times in each of 3 years. Note the_light
overcompensation for foliage removal in year 1 following long-mrm light
grazing and undercompensation in years 2 and 3 after 1 and 2 years,
respectively, of intense mowing. Data are from Aldous (1930).
Effects of defoliation on autumn grass root biomass. Error bars show 1
standard error. (A) Autumn live grass root biomass on plots clipped 6 times or
left unmowed in 1985-86 and clipped to 5 cm, 10 cm, 20 cm or left unmowed
in 1987. Data are plotted as percent of root biomass on plots unmowed in
1985-87. (B) Autumn grass root biomass after one year of defoliation, long-
term grazing, and protection from grazing for 10 years.
Effect of mowing frequency on aboveground production of grasses and forbs.
Error bars show 1 standard error. Means within plant type with different letters
are significantly different using Duncan's Multiple Range test.
Effect of mowing frequency on aboveground N and P mass in grasses. Error
bars show 1 standard error. Means within element with different letters are
statistically different using Duncan's Multiple Range test.
Effect of mowing height on (A) cumulative aboveground grass production and
(B) cumulative N mass in grasses at three dates in 1987. Error bars show 1
standard error. Cross-hatched bars are for plots mowed to 5cm, narrow-hatched
bars for plots mowed to 10cm, wide-hatched bars for plots mowed to 20cm and
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Figure 6.
Figure 7.
Figure 8.
openbarsfor unmowedplots.
Effect of previousmowing frequencyon grassbiomassharvestedto day 154.
Dataareplotted asa percentof harvestfrom plots with the sametreatmentin
1987but not mowedin 1985-86. Comparisonsbetweenmowing-height
treatmentsarenot valid becauseof inherentdifferencesbetweenharvest
amounts.Error barsshow 1 standarderror.
Effect of currentmowingheightandpreviousmowinghistoryon aboveground
grassproductionin 1987. Dataareplottedasa percentof productionon plots
not mowedin 1985-87.Error barsshow 1 standarderror.
Abovegroundgrassbiomassdynamicson four grazedandoneungrazed
tallgrassprairie sitesin 1987-88. Cumulativeconsumptionby cattle in (A)
1987and (B) 1988. Dataareplotted aspercentof grassbiomassproduced.
Abovegroundgrassbiomassvs. day in (C) 1987and (D) 1988. Cumulative
abovegroundproductionof grassesin (E) 1987and(F) 1988. Solid lines and
opencirclesindicatethe ungrazedsite.
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ABSTRACT: Remote sensing and geographic information systems education
and research at Kansas State University have grown tremendously in the past
decade. Dramatic improvements in hardware and software have enhanced
offerings in a wide range of spatial analysis (including remote sensing) courses.
Success in extramural funding through such agencies as the U.S. Agency for
International Development and the National Science Foundation, have created
a major research thrust in Kansas State University's Geography and Biology
programs relative to the application of remote sensing and geographic
information systems for natural resource assessment and landscape ecology.
The State of Kansas initiatives have also enhanced Kansas State University's
role in providing a significant contribution in remote sensing/geographic
information systems research and education.
INTRODUCTION
Since the first remote sensing of the environment course taught in 1976
in the geography program at Kansas State University (KSU), remote sensing (and
new developments in geographic information systems) teaching and research
have expanded dramatically. Beyond the education component, the primary
research thrusts at KSU are in two particular areas: remote sensing and
geographic information system approaches to natural resources assessment;
and, remote sensing and geographic information system approaches to
landscape ecology. Current developments associated with the establishment
of a Geographic Information System/Spatial Analysis Laboratory (GISSAL) and
networked facilities with the KONZA Long Term Ecological Research remote
sensing/GIS data management center have created a dynamic remote sensing
initiative.
REMOTE SENSING EDUCATION AT KANSAS STATE UNIVERSITY
The first remote sensing course was taught at Kansas State University
in 1976. Before this time aerial photographic interpretation and terrain analysis
were taught as part of courses in the Department of Geography and Civil
Engineering.
Since 1976, remote sensing and related offerings at Kansas State
University have increased dramatically. There are currently 11 courses in two
departments (with emphasis in the geography department) at both the
1
2undergraduate and graduate level. As software and hardware facilities have
increased, the complexity and integration of spatial approaches associated with
remote sensing at Kansas State University has also been increased. For
example, courses in geographic information systems support innovative
integration of coverage layers in remote sensing analyses.
Research and instructional software resources at KSU are largely
interchangeable. ERDAS, RSVGA, and MSIMAGER are PC packages used for
analysis of SPOT and LANDSAT imagery, as well as for some GIS functions.
Both ARCINFO and PC-ARCINFO workstations are used at KSU for GIS
applications, supplemented by IDRISI on a PC. Coverages developed with
ERDAS can be imported as layers in ARCINFO and IDRISI. The speed and
flexibility of CAD packages on a 386 or 486 PC make them preferable for editing
of information layers to be imported into ARCINFO. In particular, Evolution
Computing's EASYCAD and FASTCAD, both written in Assembly language, are
heavily used at KSU for the editing of DXF files which are easily imported into
the ARCINFO environment. Maps for internal review and final project papers
at KSU are produced by a variety of packages on a PC. Choropleth maps are
generated from ATLAS-PRO, MAP-INFO (in both DOS and WINDOWS versions),
and MAP-VIEWER, a WINDOWS package which also outputs graduated-symbol
and 3-D prism maps. SD-RFER is used to produce contour and 3-D fishnet plots.
CAD packages are utilized when it is necessary to produce qualitative-symbol
3maps. Database work centers on the use of dBASE IV and FOX-PRO. Scanning
and editing at KSU is based on Scorpion Technology's SRV-386 which runs as
an addition to AUTOCAD version eleven and controls an E-size scanner.
GISSAL was created in August, 1990, as an outgrowth of the Department
of Geography's continued expansion in hardware and software capabilities in
support of remote sensing, geographic information systems, and computer
mapping. Current GISSAL projects are funded by the U.S. Agency for
Intemational Development, U.S. Soil Conservation Service, National Science
Foundation, Kansas GIS Policy Board/Kansas Water Office, Kansas Wildlife and
Parks, National Aeronautics and Space Administration, and the Kansas State
University Agricultural Experiment Station. GISSAL also cooperates closely
with Konza Prairie Long-Term Ecological Research Site's remote
sensing/geographic information system laboratory on various other projects.
REMOTE SENSING RESEARCH AT KANSAS STATE UNIVERSITY
KSU has had a series of major research efforts relating remote sensing
and geographic information systems to natural resource analysis. Nellis (with
Lulla and Jensen, 1990) has provided an overview of the interface of geographic
information systems and remote sensing for rural land use and natural resource
analysis. The identified thrusts in this review have been a particular focus at
4Kansas State University (Nellis 1988).
The use of remote sensing and geographic information systems for water
resource analysis is one of the natural resource research areas at KSU. Landsat
multispectral and thematic mapper data, for example, have been used to predict
water demand in irrigated areas of western Kansas (Nellis, 1986 and 1987). The
approach involved combining remote sensing data with weather data and
irrigation methods to estimate groundwater use from the Ogallala Aquifer.
Results are being used by water resource planners in groundwater management
districts to more fully address planning objectives as outlined in the Kansas
Water Plan.
Through a National Conservation Strategy, the government of Botswana
is attempting to implement a philosophy focusing on humanity's relationship
with the biosphere, and the need for sustainable development of natural
resources. KSU researchers are combining with other researchers to provide
baseline spatial information in support of Botswana's National Conservation
Strategy. Nellis and Bussing (1989, 1990), for example, have used SPOT HRV
multispectral data, and Landsat thematic mapper and multispectral data for
analyzing the spatial variation in elephant impact in the Chobe National Park,
Botswana, and in analyzing the extent of desertification due to overgrazing in
areas fringing the Makgadikgadi Pans of central Botswana. Nellis, et al., (1990)
have also used video digitized Space Shuttle Photography to study generalized
5patterns of wildlife impact in the Chobe District. In a broader context, the use
of remote sensing and geographic information systems for natural resource
management at the Botswana district level (regional) have also been initiated
(Bussing, et al., 1989).
Another major remote sensing research thrust at KSU focuses on
understanding the landscape ecology of the tallgrass prairie ecosystem,
particularly the Konza Prairie Research Natural Area. The Konza Prairie (an area
of approximately 3500 hectares), is located in the Flint Hills region about 10 km
south of Manhattan, Kansas. The area is owned by Nature Conservancy and
leased to KSU. The area is one of 17 sites funded through the National Science
Foundation for long-term ecological research. The area is dominated by big
bluestem (Andropoqen aerardii), little bluestem (A. scoparius), Indiangrass
{Soraastrum putans) and switchgrass (Planicum vir.qatum). Research has
focused on the role of fire and grazing systems. Studies have varied in
complexity from direct mapping of burned versus unburned watersheds using
video digitized areal photography (Nellis, 1986) and satellite data sets (Nellis
and Briggs, 1987) to more complex analysis of landscape heterogeneity using
textural algorithms applied to SPOT HRV data (Briggs and Nellis, 1991).
In addition, general pattern recognition using SPOT HRV multispectral
data of the Konza Prairie were analyzed by Nellis and Briggs (1988). Briggs and
Nellis (1989) used Landsat thematic mapper data of selected Konza watersheds
6to predict above-ground prairie biomass and investigated the effect of spatial
scale on Konza landscape classification (Nellis and Briggs, 1989). Further, the
integration of SPOT satellite data and digital elevation models (DEM) data
allowed for second-order soil surveys of the Konza Prairie (Suet al., 1990).
The Konza Prairie Research Natural area and surroundings have also
been the site of the First International Satellite Land Surface Climatology Project
(ISLSCP) Field Experiment (FIFE), an international, land-surface-climatological
experiment. The objectives of FIFE are to better understand the role of biology
in controlling the interactions between the atmosphere and the "vegetated" land
surface, and to investigate the use of satellite observations to infer
climatologically significant land surface parameters (Sellers et al., 1988). As a
result of FIFE, KSU researchers have generated a wealth of remote sensing
data, and research results, furthering understanding of the Konza prairie and its
surrounding ecosystems (such as Dyer, et al. 1991).
At near ground level (using a Barnes Modular Multiband radiometer and
an Exotech Model 100-A Radiometer), Kansas State researchers Weiser et al.,
(1986) have provided insights on the use of spectral measurements of Konza
Prairie in estimating grass canopy leaf area index (LAI) and total aboveground
green phytomass. Using similar remote sensing techniques, Asrar, et al., (1989)
evaluated diurnal and seasonal spectral reflectance characteristics on Konza
Prairie burned and unburned watersheds, based on field measurements and
models of radiation transport in plant canopies.
Kansas State researchers have also
7
provided approaches for
understanding radiant energy distribution in leaf canopies of agricultural crops,
such as soybeans, maize, and sugarbeets. Myneni et al., (1988), for example,
used a finite element discrete ordinates method for solving the radioactive
transfer equation in non-rotationally invariant scattering media, and its
application to the leaf canopy problem. Myneni and Kanemasu (1988), also
documented the possibility of detecting the hot spot (peak in reflected radiation
in the retro-solar direction) of vegetation canopies using a conventional
radiometer.
NEW INITIATIVES: KANSAS GIS POLICY BOARD AND KSU.
As a result of Kansas Legislative funding and Governor approval, the
Kansas Geographic Information System Policy Board was created in 1989. The
Board is charged with overall coordination for implementing and using
geographic information system technology by Kansas Agencies. The Board
includes twenty-one members representing Kansas agencies, universities, local
units of government, and associated federal government units.
Four parallel tracks have been developed by the Kansas GIS Policy Board
to address the strategic plan: database development, technology transfer,
service development, and overall management. One component of the database
track is a Kansas soil resources computer formatted database. Since November
81990, the Departments of Geography and Agronomy at KSU have been scanning
and editing Kansas county soil surveys. The derived GIS information will be
used with other spatial data for a wide range of natural resource/geographic
information systems planning initiatives (Nellis, 1991).
CONCLUSIONS
Remote sensing and geographic information systems education and
research has undergone a tremendous transformation at Kansas state University
in the past decade. The establishment of the Geographic Information
Systems/Spatial Analysis Laboratory (GISSAL) as well as success in competing
for extramural grants has led to major remote sensing GIS research initiatives
in the area of landscape ecology and natural resource assessment. The
continued enhancement (through improvements in hardware, software, and
degree of network integration) of the geography and biology programs at
Kansas State University provides a foundation for an exciting research agenda
in the future.
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ABSTRACT
Landsat thematic mapper satellite data were found to offer potential for
regular monitoring of the Konza Prairie tallgrass prairie ecosystem. Data
from two Landsat thematic mapper channels derived from an August 1989
scene were analyzed using a transformed vegetation index relative to above
ground biomass samples on burned and unburned watersheds for Florence
and Clime soils. In addition transformed vegetation index (TV 1) values were
analyzed relative to watersheds experiencing different burning frequency.
Despite drought conditions during 1989, the combination of using Landsat
thematic mapper in a transformed vegetation index provided a suitable
measure of spatial variation in above ground biomass for diverse burning
strategies and soil conditions.
Traditional techniques for estimating the productivity of grasslands under
varying treatments and soil conditions are time consuming, costly, and do
not lend themselves to evaluation of geographically large areas. Vegetation
indices, derived using satellite data, however, offer the potential for extrap-
olating limited ground samples to watershed units.
Since the early success of the Landsat system in the early 1970's, scientists
from throughout the world have explored the question of measuring vege-
tation dynamics with remote sensing digital data. In 1982 and 1984, N.A.S.A.
launched the Landsat thematic mapper sensor on the Landsat satellite which
offered improved spatial resolution with additional improvements in the
spectral band resolutions from the Landsat multispectral scanner. The ob-
jective of this paper is to explore the use of Landsat thematic mapper data
for understanding the condition of various watersheds on the Konza Prairie
_--,,_CZ_",G PAGE BLAH_( NOT FILMED
94 TRANSACTIONS OF THE KANSAS ACADEMY OF SCIENCE
Fig. 1.
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Konza Prairie, located just south of Manhattan, within the Flint Hills of Kansas.
e
ab
Research Natural Area, Kansas experiencing different burning treatments
under varying soil conditions. The particular year of the Landsat thematic
mapper data is 1989; a year of drought, which contrasts with other remote
sensing studies of Konza under near normal precipitation conditions.
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Precipitation for the 1989 growing season relative to the 95-year mean.
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Fig. 3. Transformed Vegetation Index (TVI) image of the Konza Prairie, lighter tones
represent higher (TVI) values.
STUDY AREA
The Konza Prairie Research Natural Area is a tallgrass prairie ecosystem
located in the Flint Hills region about 10 km south of Manhattan, Kansas
(Fig. 1). This 3487-ha area is largely native grassland dominated by big
bluestem (Andropogon gerardii), little bluestem (A. scoparius), Indiangrass
(Sorgastrum nutans), and switchgrass (Panicum virgatum). The reserve is
owned by Nature Conservancy and leased to Kansas State University for
long term ecological research. Konza Prairie is representative of the Flint
Hills Upland, a band of rolling hills roughly 70 km wide, and extending
across Kansas north-south from Nebraska to Oklahoma. The hills are char-
acteristically steep-sided with distinctive benches above limestone members.
Local relief on Konza is approximately 124 meters, although local relief of
approximately 60 meters is more common (Briggs and Nellis, 1991).
Soils on slopes and uplands are typically shallow and rocky, while valleys
have deep, permeable soils. The two soils represented in this study are the
Florence and the Clime series. The Florence series consists of moderately
deep, sloping and moderately steep soils on uplands. These soils are underlain
by limestone bedrock and formed in residuum weathered from cherty lime-
stone. The Florence soils are well drained. In contrast, the Clime series
consists of moderately deep, sloping to moderately steep, calcareous soils
on uplands. These soils formed in residuum weathered from calcareous
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clayey shale. Clime soils are moderately well drained to well drained (Jantz
et al., 1975).
Under an experimental plan initiated in 1971, different watershed units
were placed under a variety of prescribed burning (generally in early to mid-
April) regimes ranging from annual to 2, 4, 10, and 20 year intervals (Marzolf,
1988).
MATERIALS AND METHODS
A 4 August 1989 Landsat thematic mapper digital data set was the primary
data input for the study. The August 1989 scene was selected to analyze the
potential application of the Landsat thematic mapper sensor under signifi-
cant drought conditions for the Konza tallgrass prairie ecosystem. August
was the month of maximum drought impact prior to some late season
precipitation (Fig. 2).
The Landsat thematic mapper provides repetitive coverage of a given
location on the earth every 16 days. The Landsat thematic mapper has seven
bands: Band 1 (0.45-0.52 micrometers, blue-green); Band 2 (0.52-0.60 mi-
crometers, green); Band 3 (0.63-0.69 micrometers, red); Band 4 (0.76-0.90
micrometers, near infrared); Band 5 (1.55-1.75 micrometers, mid-infrared);
Band 6 (10.4--12.5 micrometers, far infrared), and Band 7 (2.08-2.35 mi-
crometers, mid-infrared). The spatial resolution of the thematic mapper is
30 by 30 meters, with each pixel (30 by 30 meter area) represented by a
brightness value per band that may vary from 0-255 (Campbell, 1987).
Vegetation indices are quantitative measures, based upon digital input
values, that attempt to measure biomass or vegetative vigor. Usually a
vegetation index is formed from combinations of several spectral values that
are added, divided, or multiplied in a manner designed to yield a single
value that indicates the amount or vigor of vegetation within a pixel or pixel
matrix. For this study a transformed vegetation index (TVI) was applied to
the data set using the equation,
TVI= DNBand4- DNBand3
Band 4 _ DN Band 3 + 0.5 x 100
where, the DN represents the digital value for bands 4 and 3 of the Landsat
thematic mapper system (Lillesand and Kiefer, 1987). In past studies, ground
reference data collected and compared to the TVI of the same area, have
been found to covary with the green biomass present for the pixel value
represented by the TVI (Campbell, 1987).
In this study the resulting TVI values by watershed and sub-watershed
(based on soil series distribution) were analyzed relative to actual live above
ground biomass (for selected sample clipped areas), burning frequency, and
underlying soil condition. Figure 3 represents a transformed vegetation index
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Fig. 4. Transformed Vegetation Index frequency on various soil types for variable burning
frequencies.
of the Konza Prairie. This particular research focuses on watersheds not
impacted by grazing activities.
RESULTS
The results of this study demonstrate the ability to characterize watersheds
and sub-watersheds based on burning frequency and soil conditions. When
contrasting the transformed vegetation index for watersheds burned more
frequently versus less frequently on the Florence relative to the Clime soil
series, the moderately deep Florence soils generate a higher greenness index,
with those burned at a greater than 4 year interval producing the highest
level value of TVI (Fig. 4). The degree of variation in the less frequently
burned Florence watershed, however, had a higher degree of variation in
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Fig. 5. Transformed Vegetation Index frequency on burned and unburned Florence and
Clime soil series.
the TVI values generated. Thus, those watersheds burned more frequently,
had a more clustered, and therefore more uniform TVI value, despite the
slightly lesser vegetative vigor resulting from a greater drought impact. This
same spatial pattern exists for the watersheds treated under the Clime soil
series, although the degree of TVI variability is just the opposite of the
Florence soils watersheds. This may be the result of the Clime soil's higher
clay component and less well drained characteristic which may lead to greater
TVI variability on the more frequently burned watersheds.
In comparing the TVI values by soil series for burned and unburned
watersheds, the burned watersheds were only slightly higher in TVI values
than unburned watersheds (Fig. 5). The degree of variability, however, is
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greatest for the Florence versus the Clime soil series. This may be caused
by the textural contrast between the Florence and Clime soils, degree of soil
depth, and parent material variations.
CONCLUSIONS
The utility of the transformed vegetation index, with input of Landsat
thematic mapper data, in understanding larger scale watershed response to
drought under various soil conditions and burning treatments proved to be
useful. In particular, vegetative vigor variability for watersheds with different
burning frequencies were effectively described using Landsat thematic map-
per data.
Future research is needed to contrast transformed vegetation index values
for non-drought conditions, and for coupling the transformed vegetation
index with other spatial data sets such as slope aspect. The need for remote
sensing in combination with other spatial data sets will play an increasingly
important role in understanding large scale dynamic changes in the tallgrass
prairie ecosystem.
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Summary. The relationship between fire frequency and N
limitation to foliage production in tallgrass prairie was
studied with a series of fire and N addition experiments.
Results indicated that fire history affected the magnitude
of the vegetation response to fire and to N additions.
Sites not burned for over 15 years averaged only a 9%
increase in foliage biomass in response to N enrichment.
In contrast, foliage production increased an average of
68 % in response to N additions on annually burned sites,
while infrequently burned sites, burned in the year of the
study, averaged a 45% increase. These findings are con-
sistent with reports indicating that reduced plant growth
on unburned prairie is due to shading and lower soil
temperatures, while foliage production on frequently
burned areas is constrained by N availability. Infrequent
burning of unfertilized prairie therefore results in a max-
imum production response in the year of burning relative
to either annually burned or long-term unburned sites.
Foliage biomass of tallgrass prairie is dominated by
(:?4 grasses; however, forb species exhibited stronger
production responses to nitrogen additions than did the
grasses. After four years of annual N additions, forb
biomass exceeded that of grass biomass on unburned
plots, and grasses exhibited a negative response to fer-
tilizer, probably due to competition from the forbs. The
dominant C4 grasses may out-compete forbs under fre-
quent fire conditions not only because they are better
adapted to direct effects of burning, but because they can
grow better under low available N regimes created by
frequent fire.
Ke) words: And, opogon oerardii- Fire - Nitrogen
- Prairie - Productivity
Community nutrient limitation, as measured by the ex-
tent to which primary production is enhanced when
• Present address. Department of Biology, University of West
Florida Pensacola, FL 32514--5751, USA
Offprint requests w: T.R. Seastedt
nutrient limitations are removed, is controlled by 1) dif-
ferent nutrient immobilization potentials of soils, 2) dif-
ferences in soil fertility, and 3) differences in nutrient
demands associated with plant physiological status
(Chapin et al. 1986). Fire in tallgrass prairie has the
ability to influence plant physiological status and growth
efficiencies (Knapp 1985), plant nitrogen use efficiencies
(Ojima 1987), and soil nutrient availability (Eisele et al.
1989, Ojima et aI. 1990, Seastedt and Ramundo 1990)
while having relatively small effects on plant species com-
position (Gibson and Hulbert 1987; Gibson 1988). Thus,
we hypothesized that community nutrient limitation in
grasslands would vary depending upon the fire history of
an area, even though species composition across these
areas would remain similar.
The frequency of disturbances such as fire may impose
unique characteristics on the system (Trudgill 1977; Hus-
ton 1979; Reiners 1983; Gibson 1988). Hulben and Wil.
son (1983) reported that infrequently burned sites (sites
burned at 2 or 6 year intervals) tended to have higher
foliage biomass the year that they were burned than did
annually burned sites. Ojima (1987) modified the CEN-
TURY model of Patton (e.g. Panon et al. 1987) to study
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Fig. I. Hypothesized foliage response to fire frequency, given thal
rites are burned in year of measurement or not burned in year of
measurement
the effects of fire on prairie productivity and N dynamics.
The model predicted a greater productivity response to
fire on infrequently burned sites in the year of burning
compared to either annually burned or long-term un-
burned sites that remain unburned (Fig. 1). This result
occurred because N availability to plants was controlled
by 1) total soil N input-output relationships, which are
negatively affected by frequent burning and 2) by the
C:N ratio of the soil organic matter. In the model, fire
stimulated root growth and root death, which in turn
increased C inputs to soil. This !ixed C was exploited by
microbes, which immobilized available soil N in the year
following fire; less N was therefore available to plants.
Hence, annually burned sites should be chronically N-
limited. Foliage production of tallgrass prairie usually
decreases under unburned conditions due to self-shading
and temperature limitations created by the build-up of
detritus; hence, the microbial immobilization potential
for available soil N is not maintained on unburned
prairie.
Field data on plant and soil N dynamics support
many of CENTURY's predictions (Ojima 1987; Ojima
et al. 1990; Seastedt 1988; Seastedt and Hayes 1988;
Hayes and Seastedt 1989; Wedin and Tilman 1991), but
direct tests of the model are few. Hulbert (1988), for
example, had found that plots clipped in early spring to
remove litter and standing dead vegetation showed a 39%
increase in foliage biomass in response to N additions,
while unclipped plots (with litter) increased only 11%.
Old (1969) reported an opposite effect; fertilized pl.ots
burned in the year of measurement produced only 596
more biomass than controls while unburned, fertilized
plots (burned 3 years earlier) produced 43 96 more foliage
than unfertilized plots.
We tested this hypothesized relationship between N
limitation and fire frequency with a series of fertilization
experiments. If our conceptual model and the CEN-
TURY predictions are correct, then 1) unburned prairie
should have relatively low N demands and so be relative-
ly unresponsive to fertilizer additions, 2) annually burned
sites should experience intense N limitation and so be
highly responsive to fertilizer additions, 3) following fire,
infrequently burned prairie should be less responsive to
fertilizer additions than should annually burned prairie,
but given the superior temperature and light regime of
these sites, their response to N will be greater than that
of unburned sites, and 4) given the removal of both
energy and N restrictions, infrequently burned prairie
should exhibit the largest production response of all
unfertilized treatments.
Study site and methods
Research was done on the Konza Prairie Research Natural Area,
a long-term ecological research (LTER) site owned by The Nature
Conservancy and managed by Kansas State University. The area
is on the western edge of the tallgrass prairie biome in the Flint Hills
of northeastern Kansas. Konza Prairie consists of watersheds
burned in late spring every I, 2, 4, 10, or 20 years. This fire manage-
ment program has been operating on portions of the site since 1970.
Reports are available describing the flora of the site (c.f. Gibson
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1988), plant productivity (Abrams et al. 1986; Briggs et al. 1989)
and N dynamics (Ojima 1987; Ojima et al. 1990; Seastedt 1988;
Seastedt and Hayes 1988; Hayes and Seastedt 1989). The dominant
plant species include big bluestem (Andropooon gerardii Vit.), little
bluestem (A. scopariua Michx.), and Indiangrass [Sorgastrum nutans
(L.) Nash]. Among the common forbs (non-grass, non-woody vas-
cular plants) are goldenrods (Solidaao spp.), milkweeds (Asclepius
spp.), leadplant (Amorpha canescens Pursh), ironweed (Vernonia
baldwinii Tort.), and numerous other asters. While portions of the
site have been grazed by cattle or bison, only data obtained from
watersheds not grazed for at least 12 years are reported here.
Indices of soil nitrogen availability
Previous studies have estimated net mineralization of N in soil using
buried bags (Ojima et al. 1990), and have reported concentrations
in soil water on annually burned and long-term unburned prairie
(Knapp and Seastedt 1986; Seastedt and Hayes 1989; Hayes and
Seastedt 1990). Soil organic matter, total soil nitrogen and plant
root nitrogen concentrations have also been routinely measured as
part of ongoing Konza Prairie studies. In addition to summarizing
those findings for this study, we report additional data relevant to
documenting the effects of fire frequency on soil N availability. Soil
water samples of NO/'-N were obtained from porous cup lysimeters
placed at 20 and 80 cm depths in the soil of a watershed burned
every four years, and from lysimeters placed on three long-term
unburned watersheds. Since root activity can complicate interpreta-
tions of N availability, only data from the March-April period,
prior to the initiation of root growth of C, grasses, were included
in our analysis. Nine lysimeters were located on each watershed;
however, only some of these produced sufficient water samples for
analysis in any particular year. Volume-weighted averages were
obtained from each lysimeter, and a single composite estimate of
soil water NO/'-N was obtained from each watershed. Details of
lysimeter design, sampling and NO/" analysis procedures have been
reported in Seastedt and Hayes (1988).
Foliage biomass estimates
We used foliage biomass estimates obtained by the Long-Term
Ecological Research (LTER) program to estimate differences in
productivity on infrequently burned versus annually burned sites
(Abrams et al. 1986; Briggs et al. 1989). Values reported here are
means of oven-dried (60 ° C) mass of vegetation from 20, 0.1 m z
clipped quadrats, taken in August from either cherty upland silty
clay loam soils (Florence soils, Typic Natrustolls) or deep bottom-
land silty clay Ioams (Tully soils, Pachic Argiustolls). These soils
differ appreciably, particularly in their water holding capacities. The
deep soil, lowland sites tend to support higher plant productivity
in most years (Abrams et al. 1986). Therefore, results are treated
separately for each soil type. Five pairs of values (one year's data
from one soil type, two years' data from two soil types) were
obtained in this manner. One additional comparison was obtained
from the report of Hulbert and Wilson (1983), resulting in six paired
comparisons.
The above results may contain site as well as treatment differen-
ces (Hurlburt 1984); hence, we attempted a more rigorous analysis
in 1989. Six 0.1 m 2 foliage samples were collected in late September
from upland soils ('Typic Natrustolls) c,n 10 annually burned and
7 less frequently burned (2 or 4-yr fire return frequency) upland
sites. All sites were burned in mid-April of 1989. Sites for collecting
samples were selected using a quasi-random procedure (blind qua-
drat toss). These samples were dried as before and composited into
a single estimate of foliage biomass per site.
The variance associated with plant biomass estimates obtained
from 0.1 m2 samples is affected by burning treatment; production
on unburned plots tends to be more variable when measured at that
scale (Briggs and Knapp 1991). Rather than use a variety of statisti-
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cal procedures, all statistical comparisons in this study were conduc-
ted using a nonparametric SAS t-test or ANOVA using ranked
values. The F.statistics reported in the text are from the ranked
data; however, nontransformed means and standard errors are
given in figures.
Nitrogen fertili:ation experiments
A series of fertilization experiments were used to test the fire
frequency -N limitation interaction. The first experiment (called
EXP. !) involved comparison of the production response of infre-
quentt) and annualJ3 burned prairie to "'chronic" annual nitrogen
fertilization. A series of 10 × 10 m plots were installed in 1986 on
a site burned in 1985 to study the response of the prairie to a number
of manipulations. The portion of the experimental design used here
involved nitrogen additions to four pairs of annually burned and
unburned plots. Fertilizer additions consisted of 10 g-m -2 of
nitrogen as ammonium nitrate (NH,NO3). Annual plant require-
ments of N from the soil have been estimated at 4 g. m -2 • yr -s
(Scastedt and Ramundo 1990); however, the microbial immobiliza-
tion potential ma>' have been sufficient to retain much of the first-
year's application of N. Subsequent experiments (described below)
therefore used twice as much N. Treatments have been applied
annually in April since 1986. A total of 0.4 m 2 of above-ground
biomass on each of the 16 plots was harvested by clipping quadrats
selected quasi-randomly (blind toss method) at the end of each
growing season. Foliage was sorted into living grass, living forbs
(non-grass, non-woody vascular plants), and current year's dead
(vegetation that had senesced prior to harvest). Statistical analysis
of these data employed a randomized blocked design for fire, with
N additions treated as a completely randomized experiment. The
effects of fire were therefore tested with an ANOVA comparison
using the block by fire interaction as the error term, while N.effects
were tested with the residual error term.
Two fertilization experiments were conducted in 1988. The first
of these (EXP. 2) was conducted along a single upland plateau that
runs the length of Konza Prairie and intersected a large number of
watersheds, all of which were burned in the spring of 1988. In-
dividual I x 2 m plots were randomly placed on six infrequently
burned sites and on six annually burned areas. Half of each plot
(I m 2) was fertilized with 20 g of nitrogen as ammonium nitrate,
NH,NOs. A 0.2 m: sample of foliage was taken from the center of
each of the fertilized and unfertilized halves of these plots at the end
of the growing season to estimate the foliage biomass response to
the nitrogen additions. An estimate of the response of foliage to N
additions was calculated from each paired plot using the formula,
I(F--C)/C], where F is the mass of vegetation from the fertilized half
and C is the mass of vegetation from the unfertilized half.
A third study (EXP. 3) was established in early spring of 1988
to evaluate the effects of site history characteristics on the fertilizer-
fire response. One set of plots was established on a site that,
previous to the 1988 manipulations, had been burned annually for
16 years. A second set of plots was placed on a site that had not been
burned for at least 19 years. Eight 100 m= plots were selected on
each watershed. Half of these plots was selected at random to be
burned, and each plot was subdivided into fertilized (20 g N • m-2)
and unfertilized plots. A Iota] of sixteen 0.2 m= quadrats was
clipped in mid-September for each experiment and sorted into
grasses, forbs and current year's dead. This experiment was re-
peated on the same sites in 1989. The statistical analysis used for
these plots employed a two-factor factorial design, using the re-
sidual error term to test for main effects. A better procedure would
have been to assess the fertilizer effect using a plot by fertilizer
interaction term, but we lacked sufficient replication to do this. We
therefore attempted a more robust analysis by creating a single
relative difference term, [(F--C)/C], as defined above, for each of the
paired plots, and tested for a fire effect on this variable. In essence,
this test addresses the question, "Is the fertilizer response mediated
by burning?". Again, ranks were used in place of the actual values
for statistical comparisons.
The last experiment (EXP. 4) was conducted in 1989 using
watershed transects located on four watersheds, (annually burned,
two year, four year and a long-term unburned watershed). Split
2 m _ plots (20 g" m -a N-fertilized, unfertilized) were established at
approximately 20 m intenals along each watershed. Sample sizes
varied from 20 to 28 split plots per watershed. A 0.2 m 2 quadrat was
harvested in late July from the fertilized and unfertilized portion of
_eh plot. These results differ somewhat from the other studies in
thata varietyof soiltypesand depths were included in the com-
positeestimateforeach watershed.
Rainfallamounts influencethe patternsand relativedifferences
inproductivityofburned and unburned prairie(Towne and Owens-
by 1984).Relativeproductionishigheron unburned prairieduring
drought yearsdue to shading effectsof litterand reduced evapora-
tionof surfacewater.Rainfallwas above average in 1986and 1987.
Rainfall was about 60% of Konza Prairie's 81 cm average in 1988,
and again about 60% of average when vegetation was harvested on
the LTER plots and watershed transects in 1989. By the time
additional plots were harvested, late season rains resulted in 1989
being an average year in terms of the growing season precipitation.
Results
Soil N and soil water N availability in relation to fire
fiequency
A summary of available soil N data are reported in
Table 1. Results indicate that N amounts in soil at Konza
Prairie are not as yet different among fire treatments.
Nitrogen mineralization rates and soil water nitrate con-
centrations are, however, a function of fire frequency.
A time series of average soil water nitrates obtained in
Table i. Comparison of soil nitrogen
availabilit_ on annually burned and in-
frequentl> burned sites relative to long-
tern', unburned plots
Variable Percentage of values found on unburned plots
Annually burned Infrequently burned
Soil organic matter 95%
Soil total N conlenl 97%
Net N mineralization 50%
Soil water NO_-N 65%
(March-April)
Rool N concentrations 62%
Root biomass 120-170%
100%
94% °
125% b
85% ", '
54% b
180% ..b
• Seastedt and Ramundo 1990, and unpub]. LTER data
b Ojima et al. 1990
" Infrequentl) burned data shown in Fig 2
reference
100
- 1 ,I,
o ....: .. ...........
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Fig. 2. March-April nitrate concentrations in soil water of long-term
unburned watersheds (solid circles, n= 3, bars= std. errors) com-
pared with the average value for a single watershed burned every
four years (open circles). Arrows indicate the years of burning in
late April; the long-term average of the three long-term unburned
watersheds is shown by the dashed line
March and April from lysimeters on a watershed burned
in 1983 and again in 1987 compared to the averages from
three long-term unburned watersheds exhibits the pat-
tern predicted from the CENTURY model (Fig. 2).
While the four-year burn experiment was not replicated,
the site exhibited a decline in March-April soil water
NOi in years following burning, with levels recovering
after three years of no fire to values observed on water-
sheds not burned for 10 years or more.
Production in relation to fire frequency
Peak foliage biomass estimates obtained from previous
Konza Prairie studies indicated that, in the year of burn-
ing, infrequently burned sites generally have higher
foliage biomass than that observed on annually burned
sites. An analysis of all pre-1989 data from treatments
paired by year and soil type indicated that production
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was 10.5% ± 3.5% (std error, n= 6 pairs) higher on the
infrequently burned sites. Samples collected in Sep-
tember 1989, also suggested this pattern. The average
production was 270± 17 g-m-" (std. error, n= 10) on
annually burned sites versus 326+ 27 g. m -2 (std. error,
n = 7) on infrequently burned sites burned that spring, a
difference of about 20%. This difference was not statis-
tically significant (t-test of ranked data, p=0.12).
Nonetheless, foliage biomass means of infrequently
burned sites were higher than those of annually burned
sites in six of seven paired comparisons (mean= 12%,
range -2 to 20%).
Fertilization experiments
1. Chronic fire and N additions (Exp. 1). Burning and
fertilizer additions to the same plots for four years had
different effects on prairie productivity in different years
(Fig. 3). No statistically significant effects for any treat-
ment were observed in 1986. Burning significantly in-
creased total foliage biomass in 1987 (F= 18.9, df= 1,3,
p<0.03), but not in 1988 (F=0.0). A strong interaction
effect between N addition and burning was observed in
1988, with N additions having a greater effect on the
burned plots (F= 16.2, df= 1,6, p<0.01). In 1989, there
was a strong fertilizer effect (F = 47. I, df = 1,6 p < 0.001),
but no burning effect or interaction for total vegetation
biomass (F=0.3 and 1.5, respectively). By 1989, how-
ever, forb biomass was substantially greater than grass
biomass in the unburned, fertilized plots, and both grass
and forb biomass exhibited strong fire-fertilizer interac-
tions (F= 15.6, p<0.01 and F= 11.9, p<0.02, respec-
tively).
Applying the formula, [(F--C)/C] to treatment means,
the burned, fertilized plots averaged 67% more above-
ground biomass per year than the burned, unfertilized
plots over the four year experiment. In contrast, average
foliage production on unburned, fertilized plots was
only 19% greater than on unburned, unfertilized plots.
P'ORB E_ GRASS _ TOTAL
__ ,.:,o,oor ,986 _:_I _9s7
:f TT
•oo [
3OO
2OO 2_
I,,L lOO
o
II_qNED BURNED UNBU_ED
7OO
IURNED llURNED UNBURMED UNBUN_D
NrmoQEN
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A suggestion of a temporal trend in the response of the
vegetation to N occurred in both burned and unburned
plots. Burned plots exhibited a 52% and 46% response in
1986 and 1987, respectively, but a 91% and 79% response
in 1988 and 1989, respectively. The unburned vegetation
response to N increased from essentially no response
(-9%) in 1986, to 25% and 19% in 1987 and 1988,
respectively, to 41% in 1989. These trends may have been
induced by a cumulative reduction in microbial im-
mobilization influences on the N additions, as well as by
shifts in plant species composition due to chronic N
additions.
The grasses on the unburned plots appeared less re-
sponsive to nitrogen additions than the forbs. By 1989,
the grass response to N additions on unburned plots
was negative due, perhaps, to competition by the forbs
(Fig. 3). The forb response to N equalled if not exceeded
that of the grasses regardless of fire treatment. Over the
four year period, the average biomass of grass foliage
on burned, fertilized plots was 57% higher than that on
burned, unfertilized plots. In contrast, the forbs in-
creased in biomass an average of 126% on burned, fer-
tilized plots compared to burned, unfertilized plots.
Thus, while fire was slowing the forb response to N
additions, as indicated by the significant fire x fertilizer
interaction in 1989, forb biomass on fertilized plots ap-
peared to increase regardless of fire treatment.
2. Effects of site history on the fire response. EXP. 2
represented our only valid statistical test of the N re-
sponse of infrequently burned sites burned in the year of
stud)' versus that of annually burned sites (Fig. 4). The
tendenc) of infrequently burned sites to produce more
biomass than annually burned sites was not statistically
significant (t-test of ranked data, p = 0.17). The forb re-
sponse to nitrogen addition was, however, affected by fire
frequency (F=4.9, df = 1,10, ,0=0.05). Nitrogen addi-
tions to annually burned plots increased forb biomass
from 8 to 37 g • m-:, but forb biomass was unaffected by
N additions on the infrequently burned fertilized plots
(59 vs 62 g • m -2, respectively).
The fire and N addition experiments on the long-term
unburned and annually burned sites (EXP. 3) produced
site-specific results (Fig. 5). We cannot compare these
sites statistically; uncontrolled site effects such as soil
depth undoubtedly influenced results. However, within-
site results can be addressed. Both burned and unburned
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Fig. 4. EXP. 2. Fertilizer response (open bars) versus unfertilized
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plots located on the long-term annually burned site
exhibited strong responses to N additions in 1988 and
1989 (F= 14.3 and 9.0, respectively, df = 1,12, p<0.01,
Fig. 5A). Fire did not affect productivity on this site in
either year (F = 0.0 and 0.7, respectively), nor did fire
have a significant effect on the magnitude of the pro-
duction response to N.
The second site used in EXP. 3, conducted on the
long-term unburned watershed, demonstrated a negative
fire effect in 1988 and a tendency toward a negative fire
effect in 1989 (F=15.8 and 1.8, p<0.01 and p>0.05,
respectively, dr= 1,12, Fig. 5B). Using the two-factor
ANOVA on ranked data, neither N nor the N by fire
interaction were statistically significant for either year.
However, when the ranked value for percent increase due
to N was evaluated for a fire effect, a significant response
was observed in 1988 (F = 6.9, df= 1,5, p<0.05) but not
in 1989 (F=0.8).
Fertilizer responses observed in EXP. 4, the four
watershed transects measured in 1989, varied from a 16%
increase to N enrichment on a long-term unburned site,
a 27% increase on the four-year burn (burned in 1988),
a 57% increase on the 2-year burn (burned in 1988), and
a 48 % increase on an annually burned site. These results,
unlike the plot studies, integrate the effects that soil depth
and soil type may have on N limitation patterns. While
the magnitude of the N response on frequently burned
sites was less than that observed in certain plot studies,
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the overall fire frequency - N response pattern was sim-
ilar.
All results from EXP's I--4 were graphed to observe
the relationship between the time since the site was
burned and the foliage production response to N ad-
ditions (Fig. 6). Sites burned in the year of measurement
were assigned x-axis values of l, sites burned the previous
year but not the current year were given values of 2, etc.
The best linear model, using a log-transform of y-axis
values, produced a highly significant negative relation-
ship between plant response and time (r 2-- 0.50, n = 22).
A model using both current year's fire status and time
since the previous fire as a covariate produced a signifi-
cant relationship for both variables and a combined r 2
of 0.64 (n = 22).
Discussion
Results generally support our four predictions regarding
the extent to which fire frequency affects the degree of N
limitation in tailgrass prairie. First, long-term unburned
prairie, not burned in the year of measurement, is at most
moderately sensitive to N additions. The average re-
sponse to N additions from all long-term unburned sites
was only 9% (Fig. 6, range 2-16%, n= 3). Second, annu-
ally burned sites (here, all plots burned in two or more
consecutive years) were hypothesized to demonstrate
maximum N limitation. Annually burned plots averaged
a 68% increase to N (range 4696 to 91%, n=9). In-
frequently burned plots were to exhibit an intermediate
N limitation response, and these plots (burned within the
last 4 years, and burned in the year of measurement)
averaged a 45% increase to N additions (42% to 48%,
n-2). Finally, LTER records and our measurements
made in 1989 on unfertilized prairie provide additional
support for Hulbert and Wilson's (1983) observation
that infrequently burned prairie produces more foliage
during the year it is burned than annually burned prairie.
Since all areas burned in the spring are presumed to have
similar energy, temperature and moisture regimes, en-
hanced production on infrequently burned sites relative
to annually burned sites must result from another source.
Relatively high N mineralization rates on infrequently
burned sites (Table 1. Ojima et al. 1990) are likely re-
sponsible for this phenomenon. At the time of burning of
infrequently burned sites, soil water NO; concentrations
are relatively high (Fig. 2), apparently as a result of a
decline in the input of root detritus with a high C:N ratio
(Sea.ctedt 1988; Seastedt and Ramundo 1990).
Interpretations of these results require several
assumptions. We assume 1) that microbial immobiliza-
tion potentials for N did not have major impacts on the
observed foliage responses to N additions, and 2) that the
foliage production response was not seriously com-
promised by treatment-induced shifts in root:shoot car-
bon allocation. Both of these assumptions appear rea-
sonable. Annually burned sites should have the largest
microbial immobilization potentials (Ojima 1987), yet
these sites clearly had the greatest foliage production
response to N. The chronic N addition plots (EXP. 1)
received only half as much N per year as other plots,
but, except for the first year's response, results appeared
within the range of values observed for other experi-
ments (Fig. 6).
Nitrogen fertilization probably affected root:shoot
ratios, with relatively less production allocated to roots
on fertilized plots (c.f. Huenneke et al. 1990). Root bio-
mass measured in 1989 from the top 20 cm from the
chronic N addition plots was not affected by N additions
(Seastedt, unpubl, results), suggesting this was indeed the
ease.. Assuming equal root production among treat-
ments, then trends observed in the foliage should hold for
the total plant response as well, although relative dif-
ferences between treatments would be reduced.
Unburned prairie is, in years of average or above-
average rainfall, less productive than burned prairie, and
this response results largely from changes in the
photosynthetic capabilities of the dominant species rath-
er than major changes in the species composition of the
prairie (Towne and Owensby 1984; Gibson 1988). Shad-
ing and cooling of the soil by litter reduce photosynthetic
rates of the dominant grasses on unburned prairie
(Knapp 1985). Chapin et al. (1986) reported that the
community N limitation is influenced by the physiologi-
cal status of the vegetation, as dictated by the age of the
specific plants or by the species composition of the com-
munity. Here, age of the vegetation is assumed constant
or unimportant, but, by self-shading, the vegetation has
the potential to affect the strength of nitrogen limitation
without changes in the species composition of the com-
munity. The build-up of surface litter and its subsequent
minerali':ation, in conjunction with a reduction in root
production from a less vigorous flora, increases the pool
of available soil nitrogen, thereby modifying community
N limitation through time.
Exceptions to our generalization that nitrogen addi-
tions have little effect on the productivity of prairie not
burned in the year of measurement came from the un-
burned plots on the previously annually burned site
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(Fig. 4A) and from the transect on the 2-year burned
watershed conducted in 1989. The unburned plots in
Fig. 4A were on a productive, deep soil site that had been
annually burned for 16 years prior to the year of the
experiment. While these plots were not burned in 1988,
the consequences of severe N limitation induced by
annual burning apparently carried over from previous
years. In similar fashion, the 2-year fire frequency may
also create chronic N limitations similar to those observed
on annual burns. Old (1969) reported that a site not
burned for three years was found to be more sensitive to
N additions than a site burned that year. Previous fire
history may therefore occasionally be as important as
current burn status in determining the N response. The
empirical model developed using data shown in Fig. 6
indicated that both current fire status and previous fire
history affected the foliage response to N additions.
A major, albeit unexpected, finding of our research
was the relative sensitivity of the forbs to nitrogen addi-
tions. This response had been reported for grazed pas-
tures (Owensby et al. 1970; Owensby and Smith 1979),
but such areas tend to have higher initial forb densities
due to grazing activities, Recent work by Wedin and
Tilman (1991) demonstrated that various tallgrass spe-
cies strongly influence soil N mineralization rates as a
consequence of the chemical and physical characteristics
of their roots. They hypothesized that this phenomenon
could affect competitive interactions and successional
processes in grasslands. Frequent burning strongly
favors the persistence of C4 grasses over forbs and C3
grasses (e.g. Gibson and HuTbert 1987; Gibson 1988),
yet the mechanisms responsible for these shifts in plant
community composition remain largely unknown. Be-
cause most forbs on Konza Prairie are C3 species, we
assumed that late spring burning gave the warm season
C, grasses the competitive advantage to grow in a rela-
tively warm, relatively dr)' environment. Findings from
this study suggest that at least one of the mechanisms
responsible for this response is the nitrogen limitation
effect associated with frequent fire. When this relation-
ship is decoupled using nitrogen fertilizer, forbs become
more abundant, as observed in the 1986-1989 patterns
from the LTER plots. This chronic N enrichmenl stud)'
was initiated for reasons other than those presented here.
Nonetheless, the experiment is now useful to see if N
enrichment rather than fire can control grassland succes-
sion, and to see if grasslands exhibit the same responses
as do forests to chronic N additions (Aber et al. 1989).
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3Long-Term Ecological Questions and Considerations
for Taking Long-Term Measurements: Lessons from
the LTER and FIFE Programs on Tallgrass Prairie.
T.1L Seastedt and J.M. Briggs
"We have justenough time leftinthiscenturyto achieve
a major new synthesisand understanding of the Earth
System..." (NASA 1988)
9.1 INTRODUCTION
The earth,with itsglobalproblems of overpopulation,over-use and abuse of fossilfuel
and nuclearenergy, and production of toxicwastes,has often been compar_l to a sick
patient. Rlness is recognized as a significant deviation from known, long-term trends.
Long-term monitoring r_presents a _ activity for responsible individuals and
agencies interestedinplacingcurrentenvironmental problems intoperspective.Long-
term measurements are directedatquestionsinvolvingphenomena not interpretableor
perhaps not usefulwhen viewed over short(annualor less)time scales,but _ relatedto
the long-term "health"or functioningof the system. At a minimum, the Long-Term
Environmental Research (LTER) data thereforeprovide the context inwhich short-term
observationalor experimental r_sultscan be interpreted(Magnuson, in press).A much
more interesting,albeitpotentiallylessrelevantuse of LTER data involves the study of a
setof complex questionsthatcannot be resolved with short-termstudies(Franklin,1989;
Tilman, 1989).The juxtapositionof basicand appliedsciencewithin the contextof a
singleresearcheffortisa strengthof the LTER program.
4This chapter attempts to identify a set of long-term ecological questions that arc useful to
a national or international network of research sims. While there exists a nearly infinite
list of interesting questions that could be addressee with long-term studies, a realistic and
goal-oriented list of measurements is presentee. The criteria for selecting these questions
involved identifying variables that 1. are useful for intersit, comparisons, 2. am not
strongly biased by spatial scaling factors, and 3. can provide the necessary linkages
between atmospheric/climatological variables and biological measurements. "Focused
studies of the interactions between the atmosphere and the biosphere that regulate trace
gases can improve both our understanding of tcrresn'ialecosystems and our abilityto
predictregional-and global-scalechanges inatmospheric chemistry" (Mooney etaI.,
1987).The listof proposed variablesforstudy was dcvclopee from the "corn LTER
measurements," a guidelineused sincethe inceptionof the LTER effort(Callahan,1984)
from recommendations suggestedinEarth System Science (NASA, 1988),and from
practical experience with the recent NASA-ISLSCP (International Surface Land
Climatology Project) conducted on the Konza Prairie LTER site (ScUers er al., 1988).
While appropriate examples are taken from many systems, particular emphasis has been
given to questions that have interested researchers studying grasslands. We build on the
work of Strayer et a/. (1986). Their extensive overview of long-term studies provided
useful definitions of research productivity, of what constitutes "long-term research," and
reasons for the "successes" of previous and existing long-term research efforts. Their
findings emphasized that individual scientists and not specific research protocols or
experimental designs were largely responsible for successful long-term research efforts.
Here, however, we suggest that certain constraints on research designs arc important if a
goal of the research is to benefit directly a regional or global network.
9.2 APPROPRIATE OBJECTS FOR LONG-TERM NETWORK MEASUREMENTS
The five core areas of the LTER include studies of the following topics (Callahan, 1984):
-Spatial and temporal distributions of populations,
-Patterns and frequency of disturbance,
-Pattern and control of primary production,
-Pattern and control of organic matter accumulation, and
-Patterns of inorganic input and movements through soils.
While excellent research has been done on some or all of these topics at one or more of
the LTER sites, current efforts of linking sites in regional or global networks suggests
that certain measurements are likely to be more useful than others.
Many of the most interesting and useful empirical studies of individual species have been
long term in nature (Iker, 1983; Strayer et al., 1986). For example, Weaver (1954)
documented the response of the North American prairie species to climate and grazing
intensities observed over a 40-year interval in the first half of the 20th century. The
rainfall and temperature conditions under which these studies were made are exemplified
by data obtained for the Manhattan, Kansas, area ('Figure 1). These data show that the
great drought in North America during the 1930s was accompanied by (and contributed
to) relatively high ambient temperatures. During the drought, Weaver documented the
eastward advance and expansion of xeric, shortgrass species at the expense of mesic,
tallgrass vegetation. The return of relatively wet years in the 1940s reversed this trend.
The annual values of temperature and precipitation shown in Figure 1 indicate that
"average" conditions for the prairie cannot be expected without an approximately 20-year
record. Even then, the factors that govern patterns of species composition and abundance
may be misinterpreted or overlooked. Weaver 0954), for example, did not appreciate or
acknowledge the role of f_re in suppressing the invasion of woody species onto the
tallgrass prairie, nor did he notice that the productivity of the dominant species was often
enhanced by frequent fires.
Studies of within- and between-habitat species diversity remain of keen interest to many
ecologists. Nonetheless, we suggest that individual species, species lists, or indices
derived from species lists make poor primary intersite comparison measurements. Many
species are not found across large environmental gradients. Those species that do cover
regional areas are not physiologically identical across these regions. The relevant units to
address intersite comparisons should confer equivalency across sites, and these units
should aggregate into meaningful values at different spatial scales. Energy and mass
(including elements, u-ace gases, etc.) are obvious candidates for study. Biologists must
still focus on the biota as cause and effect participants in energy and mass
transformations, but both the forcing functions and the response variables must employ
units common to all sites. Eventually, life history characteristics and physiological
responses of the individual species will provide a mechanistic interpretation of site-
specific responses. Even then, however, these responses will be governed by spatial
patterns not often measured in population studies (Huston et al., 1988).
All LTER sites have been charged with studying "disturbance" as a core measurement.
Our own experience with this topic has suggested serious problems associated with the
concept that may prevent "disturbance ecology" from becoming a major tenet of
ecological theory (Evans et al., in press). One problem has been the popularity of the
topic, and the inevitable misuse of the term that comes with popularity. "Disturbance" is
used simultaneously to describe a system input (e.g., a storm) and system output (e.g.
species die-off) (Rykiel, 1985). Obviously, the latter is the interaction of the system with
an input, and is therefore very much a characteristic of the system while the former is
uncontrolled by the state of the system. A second problem with disturbance theory is that
identical inputs can produce very different outputs depending upon the initial state of the
system and the scales at which the output is measured. For example, f'_e adversely
affectsanumber of populations of plants and animals in the tallgrass prain'c.
Nonetheless, certain species arc benefited and periodic fi_s are required for the
perpetuation of the system. Is fire or the absence of fire the disturbance in this system?
Can systems lacking stable equilibria be disturbed? System-level properties of resistance
and resilience to disturbances can bc viewed more logically and mechanistically as
consequences of structural and life-history characteristics of biological systems.
Different disturbances (fire, drought, grazing, etc.) produce very different species and
system responses. Konza Prairie researchers found the discussions about species and
ecosystem responses to "disturbances"tobc largelyan exercisein after-the-fact
descriptiveecology and a topicnot conducive to the development of predictivemodels.
A much more productive approach to genericdisturbance-typequestionsinvolves
explicitidentificationof forcingfunctionsand the responsesof the system atspecific
levelsof resolution.In otherwords, we believethattheLTER core areainvolving
disturbancecan be adequately addressed withinthecontextof studiesfocused on the
othercore areas. This iscertainlytrueingrasslandsand agroecosystems where studies
use f'L,'C,grazing,or tillagepracticesas experimental manipulations.
The remaining threecore areasof the LTER program (netpfima,-yproduction,organic
matter,and nutrientdynamics) provide a logical,unifiedfocus forregionaland global
networks. These core a_as employ unitsthatare constantsand provide the directlinks
between bioticand atmospheric processes. A combination of relativelynew, spatially
explicitmeasurements, inconjunctionwith traditionalmethodologies, willallow
ecologiststo study biota-climateinteractionswhile concurrentlyfocusing on questionsof
localimcrest.
9.2.1 Prirnary Productivity
Forested sites have considerable potential to demonstrate the linkages among net primary
productivity, trace gases, and climatic changes. Dendrochronology studies have used
annual woody growth increments to reconstruct recent past climates. Other studies have
combined paleobotany, records of lake ash deposition, and dendrochonology to
reconstruct forest species composition, f'we frequency, and growth relationships. Clark
(1988) demonstrated the relationship between climate and f'm_ frequency which, together,
shaped the species composition and productivity of the north temperate forests. Of
particular interest has be_n the work of LaMarche et al. (1984) which suggests that
subalpine forests in western North America began to alter their growth patterns with
respect to climatic variables sometime in the 1960s. Those authors suggested CO2
enrichment as a possible factor. Anthropogerdc sources of nutrients in bulk precipitation
could, perhaps, be an alternative hypothesis. Regardless, the measurement of woody
growth and, therefore, a record of the past productivity is possible at many sites, and is a
reasonable, partial index of aboveground net primary productivity. Such data are
particularly d_sirable since I. sampling can be accomplished on a very infrequent, year-
to-decades basis, 2. large sample sizes can be obtained and potentially interacting
variables (soils, species, etc.) can be evaluated, and 3. the samples can be easily archived
so that future analyses or reanalysis of the same, original data set are possible. To
complete the story of aboveground productivity, foliage production should be measured.
Litterfall or needle production measurements and procedures are common, but should be
supplemented, ff possible, with satellite.cl_rived digital images. These images can
provide a spatial perspective not possible with microplot measurements, and the types
and uses of currently available satellite images are discussed below.
Reu'ospective analyses of grassland productivity cannot be as easily accomplished as
forest studies. Sedimentation rates of glacial lakes, in conjunction with pollen analyses,
may provide some useful historical data. Also, carbon isotope studies of sediments, soils
(including paleosols), and groundwaters in conjunction with these or other research may
also provide an interesting story, particularly with respect to changes in the composition
of C3 and C4 plants (O'Leary, 1988).
More recent retrospective analyses of indices of grassland productivity can also be
conducted using the satellite imagery. Researchers and sites should move quickly to
secure these images lest useful information be lost by agencies not funded as data
archives.A listingof potentialdatasources (Table I)indicatestheresolutionand
information availablefrom each typeof satellite.Investigatorsneed tobe aware of the
various trade-offsinvolved in using thesevarioustypesof dam, and some important
considerationsare outlinedinSellersetal.0988). In general,we believethatthe high
spatialresolution(smallpixelsize)of the Land.satTM or SPOT satellitesisextremely
usefulin evaluatingwithin-sitetopoedaphic or experimental (fireor grazing)effects.
However, a seasonal time-seriesof thesetypesof data isexpensive or simply unlikelyto
be obtained due torelativelyinfrequentoverflightsin conjunctionwith moderate tohigh
probabilitiesof cloud cover. In conwast, the NOAA-AVHRR satelliteprovides relatively
low spatialresolution(largepixelsize)but high temporal resolution,making cross-site,
cross-year,and seasonalcomparisons possible.The potentialforusing these images as
analogs of regionalproductivityand forestimatingwace gas interactionsand energy
exchange isjustbeginning to be developed. Recent improvements of algorithms,
particularlythose employing the vegetationindex (Tucker etaI.,1985;Goward etaI.,
1986) or some combination of the vegetationindex in conjunctionwith thermal
measurements (l::orrest Hall et aI., unpublished results) can demonstrate both seasonal
and long-term trends in plant biomass and plant vigor. We expect that the more
sophisticated, high resolution imaging spectrometers scheduled for space orbit in the near
futurewillprovide more usefuldata formeasuring both biornassand plantproductivityat
moderate scales.This enhancement begins with the anticipated1991launch of Landsat 6
with the Enhanced Thematic Mapper (ZrM) on board. Eight bands of spectral
information areplanned, fourin the visible(one being a 15 m pixelpanchromatic), two
in the near-infrared,and two in thermal portionsof the spectrum. This system isreported
to be very sensitivetosurfacetemperaturechanges and should,therefore,bc very useful
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in relating vegetation dynamics to energy dynamics. Subsequent satellite equipment
scheduled for the Earth Observing System (EOS) program will make considerable
advancements in the spectral resolution of these digital images. These standard products
could also be supplemented with aerial photography, including standard panchromatic,
color, and color IR images. Photographic records are proving useful for a variety of
retrospective analyses.
9.2.2 The Interaction Between l:h'oductivity and Surface Climate
A conceptual model developed by Shugan (1986) (Figure 2) suggests how we might
think about the relationship of LTER measurements to studies involved in trace gas
fluxes. The lauer measurements arc, by necessity, made on a scale that detects strong
diurnal and seasonal fluctuations. In conwast, LTER measurements of NPP, organic
matter, or elements have a much coarser temporal scale. However, as suggested by the
model, these long-term ecological processes function as constraints on short-term
physiological processes, and therefore mediate the response of vegetation to climate. We
present an example of this phenomenon to emphasize the need to recognize that changes
in ecological conswaints such as fire frequency, herbivory, or, nutrient availability may
temporarily overshadow Rivet changes in temperature or rainfall.
Our data on temperate grassland plant productivity demonstrate a strong relationship
between the type of management treatment and productivity (Figure 3). The tallgrass
prairie requires periodic fn'es to maintain its species composition and productivity
(Knapp and Seastedt, 1986). In average or wet years, annual burning in late spring
benefits the C4 grasses. However, some but not all drier than average years result in
more productivity by the combination of C4 and C3 grasses, forbs, and woody species
found in the unburned prairie. Following a fu-e, the blackened soil surface of burned
prairie is exposed to direct solar radiation and converts much of this energy into sensible
heat absorbed by the soil (Figure 4). However, by midsummer, the re-establishment of
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the canopy, in conjunction with greater rates of evapotranspiration, results in a cooler soil
surface.ThispatternisreversedattheI0 cm depth,where thedriersoilson theburned
siteslackthethermalinertiaofgenerallymoistened,litter-coveredsoilsoftheunburned
sites.The greateratesof evaporationcoupled,perhaps,withhigherratesofreflected
infrared radiation keep burned _ cooler in midsummer than unburned areas (.Figure
5). The thermal (channel 6) Landsat TM image in Figure 5 shows that the radiometric
brighmess on burned watersheds is, on average, less than that measured for adjacent
unburned areas (.Figure 6) (Asrar et al., 1988). These data demonstrate that the ecological
conswaints operating on the vegetation (here, a spring fire) influence both the hydrologic
and energy budget. These changes are detectable at both a micro- and maer_scale level.
Obviously, a change in the fire frequency of relatively large u-acts of grassland could
have an impact on the regional climate.
Grazing by cattle also had a measurable affect on canopy temperatures as measured by
the radiomewic brighmess of the TM image (Figures 5 and 6). Grazed areas were cooler
in August, presumably because the grazed vegetation was physiologically morn active
than a similar amount of ungrazed vegetation and was transpiring relatively greater
volumes of water. Consumers affect both the amounts and physiology of the vegetation
and thereby can greatly alter vegetation-climate interactions, particularly in grasslands.
Investigatorsshouldalsobc aware thatinteractionsbetweenenergyand nutrientsmay
affectconsumers,so thatconsumers become importanttransientconm)Uing factorson
netprimaryproductivity(White,1984).These controlscanoperatedirectlyvia
consumptionof plantpans orindirectlyb controllingplantspeciescomposition
(Schowalter,198l).Thus,knowledge ofconsumer populationsmay contributetoan
understandingofvegetation-climateinteractions.Thisobservationalsohasparticular
relevanceina_osystems, where bioticmechanisms ofconsumer regulationhave been
severelyaltered.
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9.2.3 Nutrients
Virtually all LTER sites measure nutrient inputs, standing crops, and outputs. The input
data may be resu-icted to analyses of weffall, often associated with the National
Atmospheric Deposition Program (NADP). This measurement is often inadequate
because dryfall deposition or deposition associated with dew can be considerable
(Lindberg et al., 1986). Most sites obtain pH measurements in conjunction with the
inputs of nitrate, ammonia, sulfate, and the major cations. Measurements of the standing
crops of the major elements in vegetation were initiated at many sites during the
International Biological Program. It is to be hoped that such data have been archived for
future analyses or as baselines for future comparisons. Our site archives plant and soil
samples along with the numerical data, and this procedure has received endorsement by
other research groups (Pace and Cole, 1989). To our knowledge, no LTER site has
engaged in long-term monitoring of net inputs or outputs of trace gases (CO2, NOx,
NH3, H2S, or SO2). However, with the advent of large path-length infrared
spectroscopy (Gosz et al., 1988), and procedures to estimate fluxes, this deficiency should
be resolved, at least at a few sites. Moreover, as mentioned above, the trace gas fluxes
are diurnal phenomena operating under the ecological constraints being studied by the
LTER. Empirical results and modeling efforts currently underway as part of FIFE (First
ISLSCP Field Experiment) at Konza Prairie should be able to tell us the relationships and
sensitivity of measurements such as productivity to short-term and seasonal estimates of
gas flux.
Nutrients become constraints on plant growth during periods when energy and water are
not limiting, i.e., under conditions otherwise favorable for plant growth. An obvious
question of interest to those involved with climatic change studies is the extent that
nutrient limitations may mediate vegetation responses to enhanced CO2 (Tissue and
Oechel, 1987). If plant growth is nutrient as opposed to energy limited, then carbon
dioxide enrichment and/or increased temperatures should not immediately affect
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productivity. In tallgrass prairie, an improved energy environment (created by fire)
results in a higher nitrogen use efficiency (NLrE) of the vegetation (Ojima, 1987). With
this greater production, however, comes increased denims build up and nutrient
immobilization. In several biomes, including the talga (van Cleve et al., 1983) and
tatlgrass prairie 0tnapp and Seastedt, 1986), plant litter has a direct negative physical
effect on energy availability to plants. Denims production could, therefore, affect
productivity both by affecting usable energy inputs and by influencing nutrient
availability. Seasonal shifts in energy, nunient, and wamr limitations, in conjunction
with negative feedbacks resultingfrom biomass production,prevent theseecosystems
from maximizing theirproduction responses.
The nccd forlong-term nutrientmeasurements relatesto thefactthatclimatecan
influenceboth amounts and availabilityof nutrients.For example, the rainfalldam
shown inFigure Iindicatethatprecipitationatthe Konza PrairieLTER sitewas above
normal forthe period 1981 to 1987. Accordingly, plantproductivitywas above the long-
term average during thisinterval.Since inorganicnitrogenavailabilityin soilsis
inverselyrelatedto the amount of "new" fixedcarbon present,the organic matter build-
up during thisintervalundoubtedly adverselyaffectedinorganicnitrogen availabilityto
plants.Generalizationsabout nitrogenavailabilityand cyclingand itsimportance to
vegetationmadc during thiswet intervalase thereforebiasedand potentiallyincorrect,in
spiteOf a seven-year data base.
Agroccosystems have additionalnutrientinputsand outputsnot found or not importantin
naturalsystems. Nutrientsupplements fa'om fertilizersand outputsin the form of
harvestedplantpartstend tocream an artificiallyd namic system. Areas employing
irrigationalsohave potentialadditionalexportsof tracegases or leaching losses,and
certainagriculturalpractices,such as conversion of largelyaerobic,vegetated sitesto
largelyanacrobic ricefields,are probably having a largeeffecton tracegas dynamics
(Mooncy etaI.,1987). A detailedaccounting of thesenutrientsiswarranted given the
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progressive enrichment of groundwatcrs with undesirable organics and nitrates.
Moreover, the tillage of the soil, the artificial, excessive harvesting of plant nutrients, in
conjunction with applications of supplemental water and fertilizers, have created unique
situations of nutrient limitation, soil acidification and aluminum toxicity problems for
agricultural systems (Adams, 1984). Indeed, many sites have been so totally altered by
intensive agricultural practices that moderate changes in temperature, rainfall, rainfall
chemistry, or rainfall pH would appear of secondary consideration relative to the di_ct
human manipulations. The relevant emphasis fi'om a network standpoint is, therefore,
not how these systems are affected by climate change scenarios, but rather how the
systems are affecting regional energy and trace gas dynamics. The ecological constraints
of agroecosystems are the crop and tillage manipulations. These, like fire and grazing in
the prairie, control the system interactions and responses to climatic inputs.
Measurement of nutrient outputs from ecosystems has proved to be an extremely relevant
and useful long-term index of integrated system behavior. Likens et al. (1977), Likens
(1983) and Driscoll et al. (1989) have provided ample examples of these measurements.
Their 25+ year effort on the relationships between niu'ic and sulfuric acid rain inputs and
stream pH and stream nutrient responses comprises some of the most relevant and
important ecological research of this century. Ironically, this work began with some
focused, short-term experimental studies, but the utility of these measttrements for
questions requiring a longer study period became obvious shortly after the initiation of
the experiments. Stream chemical analyses have provided a measurement of the
integrated ecosystem response to changes in atmospheric inputs or to changes induced by
within-system manipulations. In similar fashion, the new generation of remote sensing
equipment scheduled for earth orbit within the next 10 years should provide equivalent
information for terrestrial systems. Multispectral scanner, high-resolution sensors will
provide a spatially explicit measurement of the integrated landscape response to changes
in atmospheric inputs and landscape manipulations. Certain chemical properties of
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vegetation such as water stares and nitrogen content can already be measured to some
extent with current satellite data (Rock et aI,. 1986; Waring et al., 1986).
9.2.4 Organic Matter
Plant detritus and soil organic matter provide the major reservoir of nutrients in most
terresu'ial ecosystems. This storage component provides the "resistance" of the system to
changes caused by the destruction of the vegetation. The tropics-to-taiga gradient in
organic matter is an example of the interaction between net primary productivity,
decomposers, and climate (Swift et al., 1979). Any brief interpretation of this pattern is
an oversimplification. Nonetheless, plants appear to have dealt better with climatic
resu'aints than have the decomposers. In the United States the east-to-west gradient in
soil organic matter observed across the prairie is largely controlled by moisture Oenny,
1930). Prediction of changes in the organic reservoir, therefore, potentially depends upon
the interaction of temperature and moistm¢, and the net effects that these variables have
on production and decomposition (Hunt eta/., 1988). Soil organic matter measurements
tend to be rather insensitive to shorbterm manipulations of productivity and
decomposition, but should be useful monitors of long-term changes (Jenny, 1980; Ojima,
1987; Ojima et al., 1990). Moreover, such data are generally available on a regional basis,
and have been modeled very successfully using climate and management constraints as
forcing functions (Patton et al. 1987a, b).
Investigators need to recognize that edaphic factors and climatic variables produce
interaction effects that add to the complexity of regional patterns. A recent example is
from Sala et al. 0988). That study found that sites with coarse, sandy soils were
relatively more productive than fine, clay soils under below-average rainfall, while clay
soils were relatively more productive under average or above-average rainfaU. The
coarse softs lacked the fertility of fine soils, but tended to allow water to penetrate below
the zone of evaporation. Hence, the variability in productivity in coarse soils was
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reduced (i.e., productivity in wet years was diminished while the consequences of
drought years were less severe). This phenomenon, when linked to a climatic gradient,
produces a complex pattern (Figure 7). The relevance of these f'mdings to models linking
ecosystems to global climatic models should be particularly obvious.
9.2.5 Scaling and Sampling Considerations
i
The problem of how to integrate point measurements so that these data can be useful and
accurate estimates of regional dynamics remains unresolved. A large literature on
scaling is developing (Allen eta/., 1984; Urban eta/., 1987). By far the most productive
approach we have seen involves the use of explicit spatial models to aggregate ecosystem
processes (Huston eta/., 1988). Successful large-scale regional models of net primary
production, nutrient cycling, and organic matter dynamics have to date employed a
coarser approach based on the ecological constraints of climate and soils (Patton et al.,
1987a, b). However, plans are underway to interface the fine-scale, spatially explicit
models as inputs to the larger scaled models (Shugart, this volume). We believe that a
minimum of a two-step approach (organismic to ecosystem process level phenomena and
ecosystem to global climatic models) will be required. Successful models will include
those that adequately portray the operation of temporal and spatial ecological constraints
on biotic processes.
Inputs required for global scale models may require large spatial resolution but fine
temporal resolution. As discussed above, such dam will probably use satellite data and
algorithms developed from FIFE-type projects (Sellers et al., 1988). Our own work with
that project has convinced us that certain characteristics measured at small plot scales can
be directly related to larger scale measurements (Figures 3 to 5). These measurements
can be scaled up to function in input-output relationships with large-scale climate
models. However, large errors will be introduced if the ecological constraints (i.e., land
management) contributions are not included. In our region, changes in the ecological
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consu-aints to net primary productivity, i.e., changes in f'Lrefrequency or grazing intensity
in prairie or changes in cropping and tillage practices in agroecosystems, will alter these
algorithms.
Rules for minimum sample frequency and minimum sample size must be developed,
based on knowledge of the underlying population variance (Wiegert, 1962; Kimmons,
1973; Greig-Smith, 1983). Investigators must decide what constitute significant shifts in
their systems given the inu'insic level of variability. This analysis is relatively su'aight-
forward for time-seriesmeasurements thatarc assumed tobe measured without erroror
thathave no within-sitevariancecomponent. For example, given our current
precipitationdatabase (Figure I),annual rainfallatour sitemust deviateby about 50
percent of the mean beforewe have an "unusual" wet or dry year (i.e.,assuming a normal
distribution,outsideof the 95 percentconfidence).For each measurerrmnt, investigators
can calculate the necessary sample size needed to de_ct statistically significant
differencesgiven hypotheticaldifferencesin populationmeans with known or estimated
populationvariances. Consider the problems associatedwith measuring exportof
nuwicnts fn'omtwo watersheds (Figun:8). In the Dismal River system, a few bascflow
samples accompanied by a storm-event sampler should produce a very accuratemeasure
of export. The lackof inherentvariabilityand high degree of predictabilityin flow fi'om
thissanc_illsprairiemakes detectionof slightchanges in mean valuesor changes in the
magnitude of annual variationsa potentiallyeasy task. In contrast,the Blue Beaver
Cre_k system in Oklahoma exhibitsexu'cme variabilityand littlepredictability.Stream
discharge appears to be largelyconm_lled by surfacerunoffin thismixed-grass drainage.
The abilityto show some statisticallysignificantchange inexport inthissystem as a
resultof changes inland management or climatologicalinputswould be difficultifnot
impossible forstudiesshorterthan a decade induration.Likens 0983) discussedsimilar
problems formeasuring element and ion exportforNortheastern U.S. streams.
18
On a regional basis, the variability in stream flow appears to be correlated with the
variability in annual foliage productivity. Figure 7 illustrates that the source of the
Dismal River, the sandhiUs of Nebraska, is a relatively more stable environment for plant
production than the drainage area of Blue Beaver Creek in the western plains of
Oklahoma. This variability, itself, can become a long-term measurement, and analyses
such as those conducted by Sala et a/. 0988) should identify sites that have intrinsically
lower variability. For studies interested in evaluating directional changes, low variability
and high predictability appear to be a desirable characteristic. The Sala el a/. data also
demonstrate the need for a large number of sites to characterize the regional response to
year-to-year climatic variability.
9.3 IX)CRJMENTATION AND DATA BASE MANAGEMENT
The value of creating permanent plots, adequately documenting procedures, and creating
a user-friendly data base cannot be overemphasized. With few exceptions, data bases
have not outlived the investigators who collected them (Strayer et al., 1986). Those that
have survived have become ecological treasures. Tilman (1989) noted that about 90
percent of all field studies are three years or shorter in duration. Even these short-term
studies,ffadequatelydocumented and sitereferenced,could be subsequentlyresampled
forsimilaror other ecologicalquestions.We believethatwe have lostmany thousands
of dollarsworth of valuabledata because a number of ecologicalstudieswith a "short-
term focus"were not well documented on our site.Since thoseprojectswcrc terminated,
we have come up with a number of questionsthatcould have been addressed using the
originaldataifwe could only locatethe sitewhere theoriginalmeasurements were
obtained. A similarargument can be made foruser-friendlydocumentation of the data.
We have found a varietyof new questionsforold datasets.These data can be quickly
retrievedand reanalyzed,even in theabsence of the individual(s)responsibleforthe
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originaldata set.One cannot be seriousabout measuring decade-to-century-level
phenomena without making a serioustime and financialcommitment to documentation.
Researchers are referred to Gurtz (1986) and other references in Michener 0986) for
excellentguidelinesinthisarea.
9.4 CONCLUSIONS
The recent Earth System Science Report (NASA 1988), in its recommendations and
review of ongoing and proposed resea_h for the IGBP, concluded, "The overwhelming
importance of susta_ed_ long-term measurements of global variables emerges clearly
from these studies" (page 137). We contend that a subset of the L'I'ER core
measurements, NPP, nutrients,and organicmatterdynamics areparticularlyappropriate
forrelatingvegetationdynamics tosurfaceclimatologicalmeasurements ata regionalor
largerscale.Biophysical measurements obtained from small plots,measured under
known ecologicalconstraints,willscaleup in a fashionconducive to the modeling
approaches suggested by Urban etal.0987) and Huston etal.0988). In ore"region,these
ecologicalconstraintsinclude thefireand grazingregimes of the grasslands,or the
particularmanagement practiceimposed on agroecosystems. We do not mean toignore
biodiversityefforts,and emphasize thatindividualorganisms are drivingthe spatially
explicitsiteresponses (Huston etal.,1988). Nonetheless,theseeffectsmust be u-anslated
intobiophysicalratherthan simply biologicalunitsto be usefulatthe intersitelevel.
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FIGURELEGENDS
Figure 1. Deviations from average annual precipitation (A) and mean maximum
temperatures (B) for an area near Manhattan Kansas and the Konza Prairie
LTER site. The data are for the period 1891-1987. Note that the
temperature maxima cor_sponded with low precipitation values during
the 1930s.
Figure 2. Conceptual model by H.H. Shugart suggesting the relationships between
LTER-ty_ measurements (fight side of figure) and those variables
strongly influenced by diurnal variations (left side of figure).
Figure 3. Time seriesof maximum foliageproduction on annually burned and
unburn_ prairie.Year-to-yearclimaticfluctuationsaffectthe vegetation
response to treatment.
Figure 4. Weekly mean minimum-maximum soiltemperaturesinsummer 1987 for
burned (solidlines)and unburned (dashed lines)tallgrassprairieat2 cm
and I0 cm softdepths. Note thattemperaturesare relativelycooleron the
burned siteat2 cm but an: relativelywarmer at I0 cm.
Figure 5. A Landsat TM thermal (channel 6) photo of Konza Prairie. Watershed
boundaries have been superimposed over the image. Burned watersheds or
grazed pasturesare distinguishableby the darker pixclvalues. -
Figur_ 6. Means and standard deviations of pixel values of radiometric canopy
brighmcss obtained from Figure5. All treatmentsexhibitstatistically
diffcrcntvalues.
Figur_ 7. An 18-yearre,cord of maximum monthly str_amflow from two US Geological
Survey Benchmark watersheds.(datacourmsy USGS).
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Figure 8. Variationinfoliageproduction inxhe centralUS (Mcan valuesof good years
minus mean valuesinbad years,divided by the overallmean).
Rclm:Xluccd with permission from Ecology (Salactal.,1988).
TABLE 1. Characteristics of current satellite imagery. 1
Satellite Pixel size Return time Comments/example of users
NOAA AVHRR 1.1 km daily 5 channels with 3 thermal
bands Tucker et al. (1985)
Landsat 80 m 16 days
MSS
4 channels with no thermal
bands Whim and MacKenzie
(1986)
Landsat 30 m 16 days
TM
7 channels with one thermal
band Ustin et al. (1986)
SPOT 10 m, 20 m programablc,
26 day nadir
10 m pixel panchromatic,
20 m pixel 3 channels,
no thermal measurements
Hard.isky et al. (1989)
. Summarized from Greegor (1986). Future instrumentation
descriptions are in NASA (1988).
600-
41b
E
• i
400-
)
d
I
]
LL
200-
ANNUALLY BURNED
tF-O UNBURNED
1"
I I I i I
1975 76 77 78 79
Temperature (C)
F
*,c
.-I
J i I i i t J t I ! I !x
I,L---.4
F..t_.l I
I_-- -I (
i_._.1 !
I I
I----4
I q)-----I
I
i----- -.i
I,---4
0
3
• . .-, :, ..;,'.: .-."...:._,:./: t._.-_..;;;,_';;:...;-.:_.,:_:.;V_>:,:',::,.@,.'_;;;_;;_._',.:_::_',',:(.; '
",.,..,,",, •;.".;,. ' .,._,;;.;-2-,,W.._-,,:::- "-• ._ . . . "".,,,'., .......... _.
I I I I i I a
80 81 82 83 84 85 86
YEAR
z:
Temperature (C)
& I_ I_ O) 0 .It= O0
_\ .I t I I I I I I I l I ' i iI I
i- ...... 4
I i
I
F
IF 4
IIL _ __..=4 !
,2 ........ i._
I
l
.....
l_'_'I'l 4
I !
!
,],
I
I,
4
!
! •
4
4
!
4
| -
!
" I-------I
_r
I- .... -4
:..._ ..! . : :
• . ....°:- • ...
• , ,. _ ....
:-:-_,.- :_-." '..,$:'._"_.-:;;:,:.,'.-:S
• ..,. ,;:.,_ ..... ., =,._:._,_....:,.:.:._._:..
• ",: 'j.,;,_, _'_.=."t_-.",.._; .':"':
• .... _- ?_ ;., o. o,*:, _-
._ ... :.._,; ,.,,-"-:-;',;;_ ....,_.,_,
-_-':;.': _ -.L.Z_..', ,,_.'.:-_"
_.• ',_,:.'-"_:"T._,;."_'_._;',';'_:-..'
_ E_ I E
• , ,...,,,,.:._,.,;-..-a:,_., ,._
- ---.'... ,_3-':.,-#..- -",-: ",'.."
_'. ,.. _. *,,. ._,_,.. ._= . % ,
•-4,. ;-..-. ; \ ; ;_,:!L..:_: ,._.,..._:.,_,
-." _' ..".::;.-.-,;'..,'_=_ = '.; v.t_..,I.
• ., ""'""',_:'.', :.'_ :'7,',"-C
'."---L'-"";,":"-:
. .
. o
,o,
_._....',.._.._:..'.... " ... "
• .. %- .. . . ,
. . . . . o :: ... 7
- ....._:.__ ,......,._•_.' _.
::-.'."" "'-..:,'_!;,_ "'.:- i
• .. • - .; .r " ' - ".
.. --.,..-: .: .,.. ,
'-- .;:! 'i" •
. :..: . . .;;::.:.:. ; -
• " :.;"-:i.i..""
• .- . •.,
. . - .,,: ....
•.. ',/
Deviation from mean max. ten'c_rature (C)
! f
M _ 0
m
m
m
u
M f,d _ •
u
m I
u
Deviation from ave. annual rainfall (rn-n)
•" ' : :' " ':': . "' .' "_"" '-"/:;_ ":_'_-_. ,::"- --_-" _ -'. ._" .-" " '.. :..: ::",'i_:-".......,'..; _.._......",:; ,:;, .!:,_I'Z. i
|
u IZ_asmm
lm
dl
mmmm
mm
"--
u
m /
ammmma _
m
CLIMATE CHANGE
SURFACE '_CHANGE
Vegetation
Models
GROWTH
DEATH
BIRTH
FAST j ) SLOW
.,.,
!.
; • ..
,..:i,_; ._..,i_.-
• ,_* "" :, "\':'. ,,,' "...';:t _. i_._.;_ _.K-.:
-, ._.;, • ._-. ,.-..'._,._,_
-. .._...,_ _. _,,J_0.._, .
_. _:_'." , _.:,.
... .... i, "
• .._,_,_..: .._,:,. : •
. • _:,: ;,_,'_,- : -,: ",.:.
• :°_'_'_i" "::"*';°;'" '
.. .:_._.'- ::.'."?::.,,
:." "-" :i
• t.'_ ,- °
: " , ._..__., ..
..: ",:_ ",•.'" ::; . ..
"-, . .
f'., ..
. . ,- .--
_E YEAR
........--_ _ , _, • '', • •< - . • "',' ',,.i _'.-..,o°_':: ..., :_.:..o._:_ ... ".:,, L. • ;=">.T_<":_ : "-._'_!"_:_"'°_ '
_:k ";: ,:' .::,': _t',_£ ",: _;'°;; '_'
MONTHLY MAXIMUM IrLOW (L/s) MONTHLY MAXIMUM t'LOW (L/s) " ",f.":......<"" _.' _':" ....
• ,•i .t, ..•-..
• . •:'. -,
• • .. :. _:'..::i, •'•.'- •._.._.
• .. .° .
,. • - -.. ,i_ .';': .:,.
":" "." " :'- .... "" ":S"
...- ...." > _',,': _ ,, ._':..,,'_,.
"" . :.. :,:'-:" :' _':'P-Z:'
• . _......,#....-,-.'_ :_..
.. • ...: .:..;-, ._.:<_,._
.'7
-. _ -. o
-' 0 0 "* 0 0
-* 0 0 0 _ 0 0 0
•.* 0 0 0 0 -* 0 0 0 0
._ 0 0 0 0 0 .. 0 0 0 0 0
/
_. _ __ i _ I I:
,,, ,r, ,
..,_-,_,- .... _ ............... _.-_.,_.:J',...-,-',_..._ .......... .....- ..;, ;. ,.-' .....
I I
h I P_ I
° . ,
°.
:. • ,_, •
' .:..-. ,.,..k!!,...-.
-:.-." ":: .. :.- .,.-
."-." -. • "-,, '_:.. :,_ .
°
15B
ILl
.J 156
:)
,.J
ILl
X 154
,0.
_ 152
150
LANDSAT TM (CHANNEL 6)
15 AUGUST 1987
b
burned
ungrazed
burned
grazed
unburned
grazed
TREATMENT
unburned
Q
ungrazed
- . . .._ .
? "..
- "; : ,... ,
.°
OR!GINAL PAGE IS
OF POOR QUALITY
Ecology. 72(2L 1991, pp. 672-684
1991 by the Ecololpca! Society of America
APPENDIX G
PHYSIOLOGICAL INTERACTIONS ALONG RESOURCE
GRADIENTS IN A TALLGRASS PRAIRIE I
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Abstract. Spatial variability in availability of resources that limit photosynthesis (water
and N) leads to variation in rates of atmosphere-biosphere exchange. N content and
allocation are canopy properties that link ecosystem, physiological, and biophysical pro-
cesses and that vary in space at scales relevant to atmosphere--biosphere interaction. We
studied landscape-scale variation in these and related canopy properties in Kansas Tallgrass
Prairie (USA). The tallgrass ecosystem was suited to this investigation because primary
production in the prairie is constrained by N availability. This work was designed to aid
in interpretation and spatial extrapolation of gas exchange measurements made using
aerodynamic techniques as part of FIFE (First ISLSCP Field Experiment), a NASA-sup-
ported study. We collected data on spatial distribution of biomass, leaf area index (LAI),
canopy N mass, N concentration ([N]), and gas exchange along topographic and manage-
ment gradients. We also measured height distribution of N, light interception, and gas
exchange within canopies as a function of position in the landscape. Substantial variation
in biomass, LAI, N accumulation, and N allocation occurred over time, with topography,
and as a result of previous burning. The vertical gradient of IN] and photosynthetic capacity
within canopies were correlated, in space and time, with biomass and canopy light inter-
ception. The gradients were steeper in high biomass sites than in low biomass sites. In
addition, proportional N allocation to the upper layer increased with time (12% in June,
32% in August) as biomass increased. As nutrient uptake increased within the tallgrass
landscape, biomass increased and light limitation in the lower canopy was induced. As this
light limitation increased with increasing biomass, or with accumulation ofdead vegetation,
allocation of N to the upper canopy increased. Height distribution of photosynthetic ca-
pacity paralleled within-canopy N allocation and light interception. As resource ratios (light,
water, and nitrogen) varied in the landscape, so did rates of gas exchange. This work suggests
that interactions between light extinction, N allocation, and photosynthesis that have been
proposed for monospecific stands apply to the multispecies, but structurally simple, canopy
of the tallgrass prairie. Models of plant performance based on evolutionary arguments may
provide a powerful basis for spatial extrapolation of atmosphere--ecosystem exchange rates
from sites to landscapes and larger regions.
Key words: atmosphere-.ecosystem exchange; FIFE; fire, Konza Prairie Long- Term Ecological
Research site," leaf area index. light interception; nitrogen allocation; photosynthetic capacity; photo-
synthetically active radiation; remote sensing; toposequences.
INTRODUCTION
Spatial variability in limiting resources for plant
growth leads to variation in rates of atmosphere--bio-
sphere exchange of water and carbon dioxide. Current
models of biophysical interaction at the land surface
generally employ simple representations of vegetation,
in which the behavior of the vegetation is assumed to
be controlled by temperature, precipitation, and soil
J Manuscript received 26 June i 989; revised 10 April 1990;
accepted 30 May 1990.
hydraulic properties. Ecosystem and physiological
models include additional controls over primary pro-
duction and gas exchange, such as nutrient availability
and herbivory. Ecosystem and physiological modelers
have consistently identified nutrients to be important
regulators of productivity (Aber et al. 1978, Ingestad
and Lund 1986, Pastor and Post 1986, Hirose and
Werger 1987a, b, Patton et al. 1987). Because nutrient
availability varies at landscape, regional, and global
scales, inclusion of nutrient constraints is critical for
the correct representation of spatial variability in rates
PiR'ECEDING PAGE BLANK NOT FILMED
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of atmosphere--ecosystem exchange. In contrast, cur-
rent biophysical models (Eagleson and Segarra 1985,
Sellers et at. 1986, Wilson et al. 1987) ignore nutrient
control.
Many of the differences in approach between eco-
system and biophysical models originate in the mul-
tiple temporal and spatial scales at which gas exchange
and primary productivity are controlled (Jarvis and
McNaughton 1986). Schulze (1986) observed that "the
exchange of carbon dioxide and water vapor between
plants and the atmosphere is regulated in the long term
(days to weeks) by changes in leaf area and by the
development of a photosynthetic apparatus in the leaf
mesophyll, and in the short term (hours to days) by
the adjustment ofphotosynthetic capacity and changes
in stomatal aperture." Schulze's "long-term" changes
are constrained by soil resource availability, which var-
ies strongly in space. Research on atmosphere-bio-
sphere coupling and climate change requires consid-
eration of short-term biophysical interactions over
longer time scales of change in the plant/soil system
(Gates 1985, Bolin 1988).
Increasing the biological sophistication of models of
atmosphere--ecosystem interactions requires the de-
velopment of techniques for relating key ecological/
physiological responses to environmental drivers.
Mooney and colleagues have argued that for a given
environmental problem there exists a limited array of
physiological and morphological solutions (convergent
evolution: Mooney 1977, Orians and Solbrig i 977). If
this is often the case, it suggests that quantitative "rules"
about plant response to environmental conditions of
water, nutrients, etc. may have broad application (i.e.,
Thornley 1972). In a key application for atmosphere-
biosphere interactions, Field (1983) suggested that N
allocation should be driven by light extinction within
canopies to maximize carbon gain per unit N as a
consequence of selective pressures shaping plant at-
tributes. This "rude" describing N allocation within
canopies has generally been found to apply in labo-
ratory studies (Hirose and Werger 1987a) and mono-
specific stands in the field (Hirose and Werger 1987b,
Hixose et al. 1988). The predictive ability of this model
has not been tested in the field along gradients of re-
source availability. If the allocation of N varies with
height within mixed-species canopies, as expected from
studies of monospecific stands, this provides a useful
new tool for spatial extrapolation of canopy-exchange
models, since N allocation influences canopy photo-
synthesis.
This research was conducted as part of the FIFE
project (First ISLSCP Field Experiment, ISLSCP I
International Satellite Land Surface Climatology Proj-
ect). FIFE included ground and aircraft measurements
of biophysical fluxes and coordinated satellite and air-
craft remote-sensing observations (Sellers et at. 1988).
FIFE included ground-based eddy correlation mea-
surements of CO2 exchange, which were limited in their
spatial coverage of the landscape because there were
fewer systems available than landscape positions and
because their terrain requirements precluded their use
in steep areas and narrow valleys (Verma et at. 1990).
Aircraft eddy correlation measurements were spatially
extensive, but had coarse spatial resolution (_ 1 km)
relative to topographic variation (Desjardins et at.
1990). Our study was designed, in part, to form the
basis for extrapolation ofpoinl gas-exchange measure-
ments to the region by linking mappable terrain and
management units to plant properties thought to reg-
ulate gas exchange (Davis et at. 1990, F. W. Davis,
unpublished manuscript). A scheme to extrapolate point
measurements of gas exchange based on landscape-
plant relationships presented in this paper is reported
by 1=. W. Davis (unpublished manuscript).
The objectives of this study were (1) to analyze spa-
tial and temporal variability in slowly changing con-
trois over gas exchange and to relate them to canopy
fluxes of water and CO, as determined by other FIFE
investigators, (2) to identify links between biological
processes and remotely measurable canopy parameters
for the use of remote sensing to obtain data on spatial
variability in ecosystem properties, and (3) to test
whether a model of allocation based on evolutionary
arguments for single plants applies to mixed commu-
nities along gradients of limiting factors.
_oDs
This research was conducted in Kansas Tallgrass
Prairie, largely at the Konza Prairie Research Natural
Area (KPRNA) and adjacent Kansas State University
property used for grazing research. The Konza Prairie
is located in the Flint Hills region of eastern Kansas,
USA, _ 10 km south of Manhattan, Kansas. The
KPRNA is a 3487-ha area of native tallgrass prairie
with vegetation dominated by the grasses Andropogon
gerardii Vit., Sorghastrum nutans (Michx.) Nash, and
Panicum virgatum L. The Flint Hills are steep and
rocky and are unsuitable for conventional farming; the
region is used primarily for cattle production (Launch-
baugh and Owensby 1978). Flint Hills bedrock is com-
posed of alternating layers of shale and limestone, lead-
ing to a "stair-step" appearance with steep slopes and
shallow softs forming over limestone and shallow slopes
with deep soils over shale (Fig. 1). Occasional loess
deposits are found on ridgetops. The region has a con-
tinental climate with 835 mm mean annual precipi-
tation, -2.7"(2 mean January temperature, and 26.6"(2
mean July temperature (Bark 1987). The KPRNA is a
National Science Foundation Long-Term Ecological
Research site. The research program has included con-
trolled burning since 1972.
Landscape sampling
We measured a series of plant properties and pro-
cesses along east-west transects that spanned ungrazed
watersheds, beginning and ending on uplands (Fig.2A,
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FIG. 1. An idealized cross section through a Konza watershed. Soil depth increases downslope, but incision to bedrock
may occur in the ephemeral channel. Loess caps may occur on ridgetops as shown, although not all ridgetops have such
deposits. Transects used in this study spanned four such toposequences; physiological studies were carried out in lowland
positions, usually just above the drainage channels, and on steep limestone sites at slope shoulders.
B). Measurements were made at 25-m intervals along
transects that varied in length from 275 to 400 m.
Transects were studied in two annually or biennially
burned and two unburned, ungrazed watersheds to cap-
lure the effects of management. At each sample point,
three 0. l-m 2 plots were chosen at random distances
normal to the transect, i.e., along the contour. All
aboveground live and dead plant material was har-
vested from each plot. Soil depth was measured at each
plot using a T-handled probe, pushed into the soil to
bedrock contact. Maximum measurable depth was 50
cm. Slopes between sample points along the transect
were measured using a Brunton compass. Harvested
plant material was separated into live grass, dead grass,
and total nongrass portions. Each fraction was dried
to constant mass and analyzed for total nitrogen (Nel-
son and Sommers 1980, Sehimel et al. 1985). Leaf area
index (LAI) was computed for each sample using LAI-
biomass regressions developed from independent sam-
piing by FIFE staff scientists, using separate models
for burned and unburned vegetation at each date (Table
1). Some evidence suggested that LAI values used may
have been low due to leaf curling, but there was no
evidence of bias as a function of landscape position or
treatment (B. Blad, personal communication). Tran-
sects were sampled in late May, late June, mid-August,
and mid-October 1987 coincident with FIFE intensive
field campaigns (IFCs) (Sellers et at. 1988). Canopy
nitrogenvariablesincluded [hl](inmill/gramsper gram),
N mass per unitsample area (inkilograms per hectare),
and N per unit leaf area (grams per square metre leaf
area). We will refer to N mass per unit sample area as
"N mass."
Root N was sampled along a burned and an un-
burned watershed transect in 1989. Cores were taken
to 30 cm or bedrock contact. We did not attempt to
recover allrootbiomass but instead collectedsufficient
live root material to obtain an estimate of live root IN]
from each core. Live roots were identified visually based
on color and texture. Each sample was a composite of
three or more cores so as to obtain sufficient material
for analysis. Root material was then analyzed for N
content.
We fit nonlinear surfaces to the biomass, N, and LAI
data. Transect location and time of year served for x
and y coordinates, rcspe_vely, and the various plant
parameters as z. Data were interpolated using a Edging
algorithm and surfaces were estimated using a cubic
spline (Surfer, Golden Graphics, Golden, Colorado).
Canopy sampling
We studied canopy structure by analyzing light, can-
opy mass, and nitrogen content as a function of height
(Hirose et al. 1988). Replicate plots (4-5) were sampled
in late July 1988 and 1989 from maximum and min-
imum biomass locations on selected transects based
on 1987 biomass data. Plots were located at random
distances normal to transects as for landscape sam-
piing. A frame was constructed with dimensions 1 m
height by 0.1 m 2 area. A moveable quadrat within this
frame allowed us to sample the vegetation above a
chosen height in 10-cm vertical increments. We de-
termined canopy height and then divided the canopy
verticallyinto layers,usually thirds,for sampling of
light,biomass, and N. At a few unproductive sites,the
canopy could only be divided in half.Photosyntheti-
callyactive radiation (PAR) was measured at the top
of the canopy, at sampling heights within the canopy,
and beneath the canopy using a l-m line quantum
sensor (LI-COR, Lincoln, Nebraska). InterceptedPAR
(IPAR) was calculatedas the ratioof PAR beneath the
canopy, or a portion of the canopy, to incoming PAR.
Vegetation was harvested at the sampling heights
working downward. Biomass and IN] were determined
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Flo. 2. Landscape data for two selected transects. Sample points are indicated by numbered posts. The full experiment
sampled four ungrazed watersheds. (A) and (B) Elevation transects, showing topography of burned and unburned study sites,
respectively, as] = above sea level. (C) and (D) Soil depths across the same transects. Note the vertical exaggeration.
for each vertical increment. PAR measurements were
not integrated over time, but replicate plots within
biomass categories were sampled at different times of
day between 0949 and 1627 Central Daylight Time.
We also sampled the height distribution of N in can-
opies on two dates (June and August 1987) at a burned
high biomass site to determine N allocation responses
over time. Eight replicate plots were sampled. Biomass
accumulation at the site chosen for this time course
study was 5730 kg/ha.
Gas-exchange methods
We measured photosynthetic capacity and the light
response of photosynthesis as a function of height with-
in the canopy and landscape position in 1989. We chose
sites for photosynthesis measurements using criteria
similar to those used for the light interception studies,
choosing areas of minimum and maximum biomass
in two watersheds. We measured CO2 uptake with a
field-portable, closed flow gas-exchange system (LI-
COR model 6200). Leaves were exposed to ambient
conditions inside and outside the cuvette, except for
PAR manipulations. Leaves were sealed in the cuvette
for no more than 25 s; CO2 was depleted by no more
than 5 #L/L during measurements. Humidity and va-
por pressure deficits were maintained at ambient levels
by adjusting the portion of gas that flowed through a
desiccant. Light response curves were obtained by re-
ducing ambient PAR on cloudless days using stacked
neutral density screens. Light response curves were fit
using the equation for a nonrectangular hyperbola
(Johnson and Thornley 1984). Photosynthetic capacity
was determined as CO2 uptake (micromoles per square
metre per second) at full sunlight. Photosynthetic ca-
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ID: Burned Annually - Ungrazed UB: Unburned - Ungrazed
_._. C _ D
,
FIG.3. Biomass and leafareaindex(LAI)datafrom transectshown inFig.2.Surfacesareplottedasa functionoftransecl
distance and time (the four IFCs in 1987). Sample points and IFC dates arc indicated by numbered posts. (A) and (B) Live
aboveground biomass for burned and unburned transects, respectively. (C) and (D) LAI across the same transects. LAI was
computed using equations from Table I.
pacity for lower canopy layers was determined by al-
lowing exposure to full sunlight. In general, 3--4 leaves
were placed in the cuvette. Two or more independent
replicate measurements were made at each site. In some
cases, logistics permitted sampling replicates of land-
scape position (e.g., two lowland sites per watershed)
while, in other cases, intermittent cloudiness only per-
mitted one replicate of landscape position per water-
shed.
RF.SULTS
Landscape pattern
Our data indicate that there are large variations in
constraints on atmosphere-ecosystem exchange with
topography and burning management (Figs. 2--4).
Aboveground biomass accumulation (Fig. 3A, B) vat-
ied strongly as a function of position in the landscape
(Fig. 2A, B). Biomass increased downslope with in-
creasing soil depth in both burned and unburned land-
scapes (Fig. 2C, D). Very shallow soil depths found at
the top ofslopes likely result in both water and nitrogen
constraints on growth. Valley bottoms had deep soils,
but highly variable biomass because of disturbance as-
sociated with ephemeral stream channels; because of
this, correlations between soil depth and biomass were
significant but not strong (r 2 _ 0.12, P < .06 to r: =
0.35, P < .001 for different watersheds). Biomass time
series varied as a function of management: burne_ sites
accumulated greater biomass earlier (Fig. 3A, B, Table
2).
Leaf area dynamics were different in burned and
unburned watersheds. Leaf area in burned areas at-
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T_BLE 1. Coefficients and statisticsfor leaf area index (LM):
biomass conversion equations. Insignificant green biomass
occurred during IFC 4, The regression equations have the
form LAI (in m2/m 2)= Intercept + (Slope) x (live biomass,
in kg/ha), n = sample size.
Date" Intercept Slope r_ P rd
Burned sites
IFC I -0.64 0.0009 0.74 <.001 36
IF("2 0.49 0.0007 0.86 <.OOl 54
IFC 3 0.03 0.0004 0.67 <.001 36
Unburned sites
IFC I 0.02 0.0006 0.52 <.O01 96
IFC 2 0.14 0.0005 0.72 <.001 144
IFC 3 0.04 0.0004 0.60 <.001 96
* Dates for Intensive Field Campaign (IFC) i: 26 May-6 Jun
1987, IFC 2:25 Jun-15 Jul 1987, IFC 3:10 Aug-21 Aug
1987.
1"Variable sample sizes result from the number of sample
dates that fell within a period commencing 1 wk prior to and
concluding 1 wk following each IFC.
rained much higher values and tended to peak earlier
than in unburned sites (Fig. 3C, D, Table 2). The dif-
ference in temporal amplitude in LAI between burned
and unburned sites is exaggerated compared to that for
biomass (Fig. 3, Table 2). This is due to lower specific
mass (mass per unit leaf area) in burned sites than in
unburned sites, as is apparent from comparison of LAI-
biomass regression slopes (Table 1). Differences in LAI-
biomass relationships may result from differences in
physiology and from changes in species composition
with burning (Towne and Owensby 1984).
Variations in canopy N mass (Fig. 4A, B, Table 3)
reflect levels of net N mineralization since virtually all
inorganic N mineralized in tallgrass prairie soils is taken
up by vegetation (Ojima 1987, Seastedt and Hayes
1988). Export in soil solution or as gases is negligible
(Seastedt and Hayes 1988, D. S. Schime] and A. R.
Mosier, personal observation). Consequently, we ex-
pect lower canopy N mass to occur where N availability
is lower, rather than because of inhibition of uptake
by some other limiting factor (i.e., water). Differences
in canopy N mass could also reflectchanges in N al-
location between roots and aboveground organs. Our
other studies suggest that such changes are small rel-
ative to the differencesin canopy N mass observed
(Ojima 1987). Based on these assumptions, itappears
thatlargevariationsin soilN availabilityoccurred with
position within the landscape.
Spatially,canopy N mass was generallycorrelated
with biomass, with higher amounts in toeslope or low-
land areas (Fig.4A, B). Temporal patterns varied no-
tablywith landscape position and stronglywith burn-
_g management. As with biomass, N uptake into the
canopy in unburned systems lagged behind that in
burned systems and was lower overall.N concentration
per unit mass (Table 2) or per unit leafarea (Fig.4C,
D) was generallyhigher in unburned than burned sites
and declined with time in both.
Data on plantwater stress(xylem pressurepotential)
collectedalong topographic sequences in 1989 showed
that minimum water stressoccurred where N avail-
abilityappeared to be highest(i.e.,in lowland sites:A.
K. Knapp and D. $. Schimel, personal observation).
The correlationof water and N availabilitywithin the
landscape means that eitherfactormay be thatwhich
most limitsproductivity,depending upon theirrelative
abundance over time.
Root N concentrations varied within landscapes: up-
land sites had higher N concentrations than lowland
sites (Fig. 5A, B). The separation into upland and low-
land sites was based on data shown in Fig. 2, with
lowland sites taken as sites with soil depth >20 cm.
No differences were apparent between the burned and
unburned watersheds, but no replication exists for this
contrast. N concentration at upland sites averaged 3.3
-+ 1.3 mg/g (mean _+ 1 sE) in burned and unburned
sites alike, while lowland sites averaged 2.6 _+ 1.7 and
2.2 +_ 1.4 mg/g in burned and unburned sites, respec-
tively.
Canopy structure
Although net primary production is generally N lim-
ited in tallgrass prairie sites, photosynthesis may be-
come light limited in productive areas. As biomass
TABLE 2. Summary of plant parameters by treatment and
date, averaged over replicates and landscape position.
Treatments are blocked by burned (annually or biennially)
vs. long-term unburned (through 1987).
Plant parameters*
IN] LAl
Biomass (kg/ha) (mg/g) (m:/m 2)
Date ._" SD -_ SD )_" SD
Burned sites
Transect IDt
IFC 1 1610
IFC 2 2800
IFC 3 3160
Transect 2D
IFC I 1540
IFC 2 2450
IFC 3 1580
520 13.5 1.8 0.8 0.5
1050 8.8 2.3 2.4 0.7
920 6.7 1.0 1.3 0.4
460 12.1 1.6 0.7 0.4
880 8.4 0.9 2.2 0.6
410 7.2 1.1 0.7 0.2
Unburned sites
TransectUB
IFC I 1040 370 18.1 2.2 0.6 0.2
IFC 2 2050 1020 I0.3 1.4 1.2 0.5
IFC 3 3260 1230 8.6 1.3 1.3 0.5
Transect N4
IFC I 800 370 15.0 2.3 0.5 0.2
IFC 2 1450 870 10.3 1.9 0.9 0.4
IFC 3 1290 590 9.2 1.7 0.6 0.2
* Biomass and IN] are for aboveground live grass material.
LA1 values were calculated according to equations in Table
1. Only trace amounts of live bioma._ occurred at IFC 4.
t Transect idemifiers denote research watersheds of the
Konza Prairie Long Term Ecological Research site; for de-
tailed information, contactthe Data Manager, LTER, Divi-
sion of Biology, Kansas State University.
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FIo. 4. N data from transects shown in Fig. 2, plotted againsl transect distance and time as in Fig. 3. (A) and (B) N mass
in live vegetation, per unit sample area. (C) and (D) N per unit leaf area (N mass per unit sample area LAI), a correlate of
maximum photosynthetic rate. There was no live biomass at IFC 4. Note that (C) and (D) were rotated to best display
dynamics.
increases, self-shading should also increase, as is evi-
dent from the comparison of canopy IPAR between
high and low biomass sites in Table 4. When N con-
centrations for high and low biomass light interception
sites were compared, the gradient of [N] with heighl
([N],/[N] b, where [N], is [N] in the top canopy layer
and [N] b is IN] in the bottom layer) was steeper in high
biomass sites than low biomass sites and was correlated
with total IPAR (Fig. 6). This is in accordance with
the hypotheses of Hirose and Werger (1987a), based
on a theory of N allocation to maximize carbon gain.
The data suggest that as light limitation (self-shad-
ing) increased with increasing biomass or litter, the
plants responded by increasing the allocation of N to
the upper canopy. A time sequence of N distribution
with height is shown in Fig. 7A and B. As canopy mass
• increased through the growing season, proportionately
more N was allocated to the upper layers. In June, only
12% of canopy N was found in the top layer of the
canopy, compared with 32% in August (Fig. 7A). Hi-
rose et al. (1988) showed that the changing light en-
vironment with depth in canopies drives N allocation
subject to constraints imposed by leaf age.
Plants in long-term unburned h'gh biomass sites had
the steepest gradients of[N] (watershed UB), with high-
est upper canopy layer leaf IN]. and light extinction
(percent IPAR,) (Fig. 8, Table 4). This suggests that
plants compensated for additional shading from ac-
cumulated dead biomass by shifting photosynthetic ap-
paratus into the upper canopy. Despite this adjustment,
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FIG. 5. Root [N'] along (A) transect lD--annually burned,
and (B) transect UB--unburned. Samples were collected in
1989. Data shown are from composited cores collected 20 m
apart. For transect topography refer to Fig. 2A and B, re-
spectively.
other studies have shown burned sites to be substan-
tially more productive than unburned in most years,
with much of the difference appearing in the root mass
(Town• and Owensby 1984, Ojima 1987). While can-
opy IPAR was not higher in unburned than burned
high biomass sites, dead plant material must have in-
tercepted some PAR (Table 4). Knapp (1984) dem-
onstrated reductions of as much as 58.8% in available
light in unburned canopies.
The response of the plants to self-shading is further
illustrated by considering the relationship between to-
tal biomass and _ of the top canopy layer (Fig. 8A,
B). As live-plus-dead plant material increased, IN] in
the top layer ([N],) increased. Differences in IN], be-
tween high and low biomass sites were larger than cor-
responding canopy IN] differences (Fig. 8, Table 3).
The unburned sites had higher IN], in both years (P <
.001, t test). This further demonstrates the effect of
shading by dead vegetation on the allocation of N. In
unburned sites, the steeper gradient in [N] and higher
absolute [N] levels in the top canopy layer had direct
elects on stratification of photosynthetic capacity, as
is demonstrated below (Results." Gas exchange).
TAeLE 3. N and biomass within grass canopies of unburned and annually and biennially burned watersheds in 1988. Except
where noted, values are for live material. IN] is averaged over the entire canopy.
Canopy biomass
L/v• (kg/ha) Dead" (kg/ha) Canopy N mass (ks/ha) [N'] canopy (rag/g)
# _ 2 sv .f sD 2 sD
Annually burned
High biomass 5080 2700 45.5 3 ! 8.4 2.0
Low biomass 1430 350 10. i 2.0 7.1 1.0
Biennially burn•dr
High biomass 2632 196 22.0 3.0 8.3 1.0
Low biomass 1820 294 15.3 3.3 8.3 1.0
Unburned
High biomass 2981 1380 999 400 30.I 10.4 10.7 1.0
Low bioraass 969 140 243 70 I1.8 1.2 12.0 1.0
• Standing dead biomass is shown for the unburned watershed; only trace amounts were found in the burned watersheds.
"_The biennially burned watershed was burned in the spring prior to sampling.
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TABLE 4. Light interception and canopy height in high- and low-biomass sites from unburned and annually or biennially
burned sites in ! 988. Total intercepted photosynthetically active radiation (Total IPAR) was calculated as (PAR above the
canopy - PAR beneath the canopy). IPAR in the top layer of the canopy (IPAR,) was calculated as (PAR above the canopy
- PAR beneath the top layer). Total 1PAR and IPAR, are reported as percent of PAR above the canopy.
% IPAR,
(100 IPAR,/
Canopy height (m) Total IPAR (%) IPAR, (%) total IPAR)
Site type _ SD ._" SD )/ SD ._ SD
Annually burned
High biomass 0.57 0.12 85.5 9.9 17.8 15.0 ! 9.9 15.7
Low biomass 0.34 0.05 38.6 19.5 9.0 9.5 21.9 23.6
Biennially burned*
High biomass 0.47 0. I I 82.3 7.6 ! 1.8 4.0 14.8 5.2
Low biomass 0.30 0.00 55.0 27.6 23.9 8.2 27.7 ! 6.0
Unburned
High biomass 0.57 0.10 83.0 11.3 22.3 9.5 28.4 16.9
Low biomass 0.45 0.06 72.7 6.7 20.2 14.9 27.3 18.8
* The biennially burned watershed was burned in the spring prior to sampling.
Gas exchange
Photosynthetic response paralleled N allocation and
light interception within canopies. We calculated the
ratio of photosynthetic capacity in the top layer to that
HEIGHT DISTRIBUTION
Top third
Middle third
Bottom third
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o 0.4 o a _.2 _.6 2.o
CANOPY [N] (rag/g)
FIG. 7. (A) Nitrogen mass per unit sample area and (B) N
concentration as a function of height in the canopy over the
growing season. Data are from June and August 1987 sam-
piing of a productive burned upland site. Eight replicate plots
were sampled per date.
found in the lowest layer, in the same manner as for
the N gradient index. In 1989, extremely dry condi-
tions resulted in low productivity in burned sites rel-
ative to unburned sites, due to higher evaporation in
the burned areas, which lacked a litter layer. This cli-
matic anomaly reversed the usual pattern of produc-
tion found in 1987 and 1988 and as described by Knapp
and Seastedt (1986). We compared burned (unproduc-
five) and unburned (productive) lowland sites to an-
alyze the effects of canopy development and light in-
terception on the height distribution of photosynthetic
capacity (Fig. 9). In high biomass canopies, marked
stratification of photosynthetic capacity occurred with
height: capacities in the top layer were on average 3.2
times higher than in the lowest layer. Low biomass
canopies exhibited less or no stratification, with a mean
ratio of 1.5. Thus, stratification of photosynthetic ca-
pacity was stronger than that of IN] (Fig. 6). As found
for IN], absolute values of photosynthetic capacity in
the top canopy layer were higher in the productive sites
than the unproductive sites.
Light response curves of photosynthesis also varied
with canopy height (Table 5, Fig. 10A-C). In all strat-
ified canopies, upper layers had higher maximum rates
(Ps,_=J than lower layers, while the slope at low light
(a) increased with height only in the unburned canopy
(Table 5). Fig. l0 shows typical stratification of light
response curves for burned (Fig. 10A) and unburned
(Fig. 10B) prairie grass (A. gerardiO from productive
sites. These data represent light response under non-
water-stressed conditions: the unburned curve (Fig.
lOB) was from midseason (July), while the burned data
(Fig. 10A) were collected in September after late sum-
mer rains had relieved water stress. The lowermost
curve (Fig. 10C) shows the response ofa nonstratified
canopy from an unproductive site; this site may have
been somewhat water stressed.
The difference in response between burned and un-
burned treatments is consistent with trends in N al-
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location between treatments, supporting the assump-
tion that [N] is correlated with photosynthetic capacity.
The burned sites generally had lower N gradient indices
and lower absolute N concentrations in the top canopy
layer than did unburned sites (Fig. 8). This is consistent
with the smaller vertical gradient in photosynthetic
capacity found for vegetation on burned vs. unburned
sites (Fig. 9). Photosynthetic capacity (PSm_) for a short
canopy, with only one measurable layer, was lower
than that for upper canopy layers in more productive
areas (Fig. 10, Table 5). This is consistent with the
trend toward lower IN], in short canopies (Fig. 8).
DISCUSSION
Management (burning) and landscape position in-
duced considerable variation in LAI, allocation of N,
and gas exchange in the tallgrass prairie ecosystem.
Effects of landscape position were via N and water
availability (A. K. Knapp and D. S. Schimel, persona/
observation), which appeared to be positively corre-
lated in space. Canopy attributesvaried as a function
of soilpropertiesand topography, shaped in the long
lerm by soil-formingand geomorphic processes(Pastor
et al. 1984, Schimel et at. 1985). The influenceof re-
source availabilitywithin the landscape on canopy nu-
trientallocationand gas exchange was correctlypre-
dicted for a multispecies community using a theory
based on evolutionary arguments for singleplantsand
previously testedin simple or artificialsettings(Field
1983, Hirose et al. 1988).
The use of remote sensing for extrapolation of can-
opy processesrequires that the linksbetween physio-
logicalprocesses, light interception,and spectral re-
flection be understood. The N allocation resultsare
significantfor modeling of photosynthesis from light
inlercepdon. Ifphotosynthetic capacity isproportional
to [N] and if[N] and lightextinction have correlated
distributions within the canopy, then to a firstap-
proximation IPAR and photosynthetic capacity willbe
linearlyrelated(Field and Mooney 1986, Field 1990,
P. J. Sellers,personal communicafion). This isconsis-
tentwith FIFE resultsshowing linearrelationshipsbe-
tween spectralvegetationindices,IPAR (HatfieldeIat.
1984, Sellers1985),and CO2 fluxmeasured using eddy
correlation(Desjardins et al. 1990, Hall et al. 1990).
The adjustment of photosynthetic capacity in the up-
per,fullyilluminated portion of the canopy to overall
lightinterceptionallowed IPAR and CO2 exchange to
remain linearlyrelateddespite the wide variationsob-
served in IPAR and biomass.
Nitrogen concentration and photosynthetic capacity
were not directlyproportional within canopies, as the
highest value of the N gradient index was = 1.8,while
the ratioof photosynthetic capacity in the upper:lower
canopy was as high as 3.2.This suggests that,within
the canopy, photosynthetic capacity may be propor-
tionalto only that amount of N contained in the pho-
tosyntheticapparatus ratherthan totalN. For example,
assume a canopy for a productive sitewith an average
IN] of 9 rag/g,an N gradient index of 1.6,IN],of 12
rag/g,and 5 mg/g nonphotosynthetic N (atypicaltotal
N value at senescence; Hobbs et al.,in press).The
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photosynthetic N gradient index, calculated by first
subtracting the inactive N, would be ([ 12 - 5]/[7.5 -
5]) or 2.8. This ratio is close to the measured ratio of
photosynthetic capacities in a productive site (3.2; Fig.
9). This suggests that additional sampling by height for
biochemical N fractions would be useful in understand-
ing allocation responses to fight extinction within can-
opies.
The interactionsof limitingfactorsalong resource
gradientsmay resultinvariationsinN use efficiency
(Hiroseand Werger 1987b,Secmann etat.1987,Evans
1989). Nitrogen use efficiency (NUE) is defined as car-
bon fixed per unit N utilized and can be estimated as
the reciprocal of whole plant IN] in herbaceous plants.
The aboveground contribution to NUE did not vary
within watersheds, since, despite large differences in N
allocation by height, whole-canopy [N] did not vary
(Table 3). The root contribution to NUE did, however,
vary. Our measurements of root IN] in two watersheds
(Fig. 5A, B) suggest that whole plant NUE increased
in lowland positions due to lower root [N]. The in-
creases in NUE were likely due to reduced water stress,
which allowed higher carbon fixation and wider C:N
ratios. Higher NUE may also have resulted from the
higher [N] in the upper canopy layers of the productive
lowland sites, yielding more efficient photosynthesis.
While we do not know the mechanism for the large
changes in NUE along these toposequences, these dif-
ferences highlight the significance of plant responses to
resource gradients within landscapes (see also Tilman
1985). The effects on root IN] are particularly signifi-
cant to grasslands since roots influence decomposition
and N immobilization and so have feedbacks to eco-
system C and N cycles (Holland and Detling 1990).
Taken together, results reported in this paper dem-
onstrate that the principal factors limiting CO: uptake
and biomass accumulation varied along resource avail-
ability gradients induced by topography and manage-
ment. Upland sites were almost certainly limited by
water or other abiotic stresses (e.g., wind; Knapp 1985).
Processes in lowland sites were likely limited by either
nitrogen or light. Light limitation was more important
ha productive unburned sites where considerable PAR
is intercepted by dead vegetation.
The effects of climate and climatic perturbations will
likely be expressed differently at different sites within
the tallgrass landscape as a function ofrelative resource
availability and degree of limitation, as shown by the
! 989 production data where low precipitation reversed
the relative response of production to burning man-
agement. While these results suggest that IPAR may
be a useful indicator of canopy photosynthesis and so
of ecosystem status, response to climatic perturbation
will be modulated by the balance of resource limita-
tion, with different sites responding differentially to
changes in light (via cloud cover) and water depending
upon interactions between water, N, and other re-
sources. Regional responses must be estimated by in-
tegrating over landscape resource gradients using geo-
graphic data bases (Burke et at. 1990) or statistical
approaches.
Links between resource availability and canopy ex-
change are required for analysis of atmosphere-eco-
system exchange of energy, water, CO2, and pollutants
(Flicks et at. 1987). Simplifying assumptions relating
canopy attributes to proxy or remotely sensed mea-
surements are required for calculation of fluxes from
the large areas over which atmosphert,-ecosystem in-
teractions occur. Algorithms using intercepted radia-
0.2
?-ar-
J as
nts.
"ary
_N
ary
/er,
eds
sed
in-
-_$S,
.':N
the
ire
sis.
rge
lif-
; to
all
ifi-
on
April 1991 PHYSIOLOGICAL INTERACTIONS ON GRADIENTS 683
Tp,B_ 5. Coefficients for photosynthetic light response curves,
estimated using a nonrectangular hyperbola. The nonrec-
tangular hyperbola equation has the form: Ps = (aI + Ps,_
- X/(al + Ps,_) 2 - 4 alPs=,,0) + 20, where Ps = photo-
synthetic rate (COx uptake), I = light, a and 0 are coefficients
describing the curve, and Ps,,,., is the estimated photosyn-
thetic capacity. Sites are as in Fig. 10. Data are from 1989.
Canopy
Site layer a Psi, O R 2
Burned lowland Upper 0.036 34.9 0.000 0.97
Burned lowland Lower 0.035 19.2 0.843 0.99
Unburned lowland Upper 0.037 24.7 0.945 0.99
Unburned lowland Lower 0.020 10.1 0.882 0.90
Bumed upland Single 0.027 14.0 0.707 0.95
tion or satellite correlates (Choudhury 1987, Fung et
al. ! 987) to compute canopy resistance need to incor-
porate information on multiple limiting factors (Cha-
pin et al. 1987) to simulate the response of perturbed
systems• Principles from evolutionary and physiolog-
ical studies may provide a basis for the development
of these algorithms.
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ABSTRACT
Dyer, M.I., Turner, C.L. and Seastedt, T.R., 199 i. Remote sensing measurements of production pro-
cesses in grazinglands: the need for new methodologies. Agric. Ecosystems Environ., 34: 495-505.
Remote sensing ofgrazinglands to obtain estimates of productivity relies entirely upon absorption
and reflectance properties of the vegetation and its background to provide accurate qualitative and
quantitative values. Interpretations of these signals are highly dependent on vegetation responses to
perturbations, such as grazing or alterations in nutrient cycles. If remote sensing models of grassland
growth ignore feedbacks derived from grazing animals, or only negative feedbacks are assumed, there
is a high likelihood of errors developing during model validation. We review fundamental assump-
tions made when using remote sensing data from grazing systems and give examples of the problems
involved.
INTRODUCTION
Grazinglands are among the most prominent biogeographic regions, with
~ 25% of the earth's land surface covered by grasslands, savannas and shrub
steppes (Laurenroth, 1979). Historically, with perhaps the exception of some
forested systems, grazing, lands have been the most important single terrestrial
ecosystem for human welfare and economics. Thus it is vital that they be
managed for long-term optimum returns. However, because of their extent
and diversity, it is impossible to monitor them adequately without special
tools. Remote sensing provides this potential, but its inherent limitations must
be well understood to ensure its full deployment.
Because of easy access and exploitation, a large variety of human societies
and cultures have developed in grazing, lands throughout the world. In many
instances they have been utilized on sustainable bases (Coughenour et al.,
1984), but in many regions they are overutilized and are being degraded.
Grassland areas of North America must be included in this heavy exploita-
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tion category because of economic pressures and land use policies that pro-
mote heavy stocking rates on private and public lands.
Grazingland degradation is episodic, often punctuated with short intervals
of stress interspersed with relatively long periods of stability. Heavy stocking
of grazing animals or outbreaks of pest insects predispose the land surface to
major changes in plant species composition, nutrient mineralization, and wind
and water erosion, all of which contribute further to the episodic stresses,
which vary widely over time and space. The changes themselves derive from
climatic factors governing regional and local weather patterns. Additionally,
interactions between vertebrate and invertebrate grazers come into play. A
large variety of insect species above ground and a combination of macro- and
microarthropods and nematodes below ground compete for common re-
sources. This picture is complicated by attempts to control grazingland in-
sects. Control is directed at both long-term eradication of incipient popula-
tions and those that erupt periodically into large migrating populations.
Perhaps the most prominent control programs are directed at orthopterans in
North America and Africa, although other groups, such as lepidopteran lar-
vae and a large variety of below-ground macroarthropods, are also targeted.
Both vertebrate and invertebrate grazers affect grassland species in a like
manner. A continuum of plant responses is known for many grasses and re-
cently reports of similar responses for forbs have been published (Paige and
Whitham, 1987; Maschinski and Whitham, 1989). This spectrum of re-
sponses has been designated the Herbivore Optimization Curve (HOC), a
hypothesis introduced by McNaughton (1979) and expanded by Hilbert et
al. ( 1981 ), Dyer et al. ( 1982, 1986) and Edelstein-Keshet ( 1986 ).
The HOC hypothesis is simple in form. Both empirical and theoretical work
show that plant productivity is a function of grazing intensity. Indeed, through
positive and negative feedback mechanisms, grazers may account for a major
proportion (30-70%) of the variability in plant production within a growing
season, making them potentially the single most important factor in ecosys-
tem regulation. In many instances (but not all) as grazers first start to feed,
individual plant production processes increase above those in uneaten plants.
This increase soon peaks (usually at levels where between 5 and 20% of the
plant's tissue is removed; rarely is this herbivory threshold any greater, al-
though McNaughton ( 1979, 1985) and WiUiamson et al. (1989) showed
much higher levels), after which production falls off rapidly and becomes
negative. Thus, the overall response is biphasic, i.e. there is first an increase
in productivity followed by a decrease, all as a function of grazing intensity.
This plant response may be echoed throughout the community or by various
ecosystem components, causing many processes that are linked to basic plant
production events to exhibit the same biphasic curve form.
I •
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Both fine- and coarse-grained remote sensing techniques have been utilized
to monitor and study grazinglands. Studies using fine-grained techniques fo-
cus on local processes (e.g. Curran and Williamson, 1987) through the use of
sensors providing spatial resolution of a few meters. Studies using coarse-
grained techniques focus on large areas, such as continents or entire biomes,
using satellite-based sensors with a spatial resolution of kilometers, such as
reported by Tucker et al. (1985).
Perhaps the most intensive single study to collect remote sensing data has
been FIFE (First ISLSCP (International Satellite Land Surface Climatology
Programme ) Field Experiment ). This NASA-sponsored study was conducted
on the tallgrass prairie of Konza Prairie Research Natural Area (KPRNA)
and the surrounding Hint Hills near Manhattan, Kansas, during the years
1987-1989 (Sellers et al., 1989 ). Many biophysical processes were measured
remotely by instruments on the ground and aboard helicopters, fixed-winged
aircraft and several satellites. FIFE was designed to monitor conditions over
the growing season in what were assumed to be homogeneous locations within
a 15 × 15-kin area. The main study did not include a within-growing season
experimental plan, although information was collected from burned, un-
burned, unglazed and grazed sites that vary annually (Sellers et al., 1989).
One of the ultimate goals of FIFE is to develop the means of obtaining
estimates of fluxes of radiation, water vapor, sensible heat and momentum
across the plant-atmosphere interface at appropriate temporal and spatial
scales for general circulation models (GCMs) that require this data (Sellers,
1989). One such model, the Simple Biosphere Model (SiB; Sellers, 1985,
1987 ) is a two-stream model (Fig. 1) that describes fundamental energy ex-
changes within the plant canopy and whose ecosystem interactions are based
on an approach reported by Dickinson (1983). In this model, radiation ab-
sorption, biophysical control of evapotranspiration, momentum transfer, soil
water availability and soil insolation characteristics are computed and com-
bined to give estimates of instantaneous rates of energy flux and status of
biotic components of the ecosystem.
The mathematical relationships between the physical components of the
model were primarily derived from two transfer pathways (latent and sensi-
ble heat fluxes) as exhibited in a plant canopy held in steady state (Fig. 1;
Sellers, 1985, 1987 ). Thus, in principle, by knowing details about incoming
and outgoing energy fluxes it is possible to describe in detail plant growth and
development. In the model, as in real plant canopies, rates of photosynthesis
and leaf water potentials are the most important variables. Variations in these
are basic for inferring energy transfers between components within the can-
opy, the soil and the immediate atmosphere.
In practice, it is relatively simple and straightforward to obtain extremely
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Fig. 1. Simple Biosphere Model (SiB) (Sellers, 1985, 1987) showing major pathways of energy
exchange within the soil, canopy and immediate atmosphere, the boundary layer (=atmos-
pheric boundary layer or ABL). On the left side of the model, represenlation latent heat path-
ways are shown; on the right side, sensible heat pathways. All incoming radiation is measured
by a variety of sensors to provide a total energy perspective. The latent heat and sensible heat
levels then integrate a variety of autotrophic and heterotrophic processes from which overall
ecosystem function is derived. (See Sellers ( i 985, 1987) for descriptions of symbol variables
shown in the figure.)
accurate measurements of incoming radiation, but much more difficult to
measure radiative and momentum transfers across the atmospheric boundary
layer. To date, validation of the SiB model has been attempted only in steady-
state or unstressed plant communities, although FIFE addressed a spectrum
of water fluxes, ranging from those in nearly full field capacity to conditions
in total vegetation "dry down", during four 10-20-day sampling periods ( ( 1 )
May-June, (2) June-July, (3) mid-August and (4) early October) con-
ducted throughout the 1987 growing season. In 1989, there was only one 20-
day sampling period (July-August).
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Within the FIFE study design, experiments'were conducted to investigate
the effects of grazing, simulated grazing (mowing) and fertilization through-
out the growing season (Turner et al., 1988, 1989; Dyer et al., 1991, Turner,
1991 ). These studies were designed to determine how grazing and fertiliza-
tion modify grassland productivity and, more importantly, how effective re-
mote sensing data, principally the Normalized Difference Vegetation Index
(NDVI), is in tracing growing season dynamics in grazingland ecosystems
(Turner et at., 1988, 1989; Dyer et at., 1991; Turner, 1990). A summary of
some of these findings is presented here and interpreted in terms of how ef-
fective remote sensing approaches are in following grazingland ecosystem
dynamics.
GRAZING DYNAMICS AND REMOTE SENSING: THE BASIC PROBLEM
Absorption ofincoming radiativenergyisdependent on a varietyofphys-
icaland biologicalfactors.The quantityand qualityofthe plantcanopy arc
of primary importance in determiningthe absorptionof photosynthetically
activeradiation(PAR, 0.4-0.72_um wavelengths) as wellas near-infrared
(nir)and infrared(Jr)wavelengths.A largevarietyofsensorshas been con-
structedtoprovideestimatesofthisenergyabsorptionby providingmeasures
of the reflected energy in specific spectral bands. For the Multispectral Scan-
ner (MSS) aboard Landsat, the spectral bands are visible (0.5-0.6 and 0.6-
0.7/zm) and near infrared (0.7-0.8 and 0.8-I.1/an). For Landsat's The-
matic Mapper (TM), the spectral bands are visible (0.45-0.52, 0.52-0.60
and 0.63-0.69 /tin ), near infrared (0.76-0.9 and 1.15-1.30/,,m ), middle in-
frared ( 1.55-1.75 and 2.08-2.35/xm ) and thermal infrared ( 10.4-12.5/tm ).
Measures of reflectance in individual spectral bands are routinely com-
bined into indexes based on wavelength-specific reflectance characteristics of
vegetation. When these indexes are calibrated against types and/or amounts
of plant canopy, they become powerful tools for interpreting remotely sensed
data. The most useful of these remote sensing indexes have been the NDVI
(a combination of ir-red/ir+red (Tucker et at., 1980)) and a variety of
greenness indices (Crist and Kauth, 1986 ). (For additional details and a more
complete description on "Remote Sensing Basics" and "Reflectance In-
dices", see Wessman, 1991 ).
As sensors on high-altitude platforms pass overhead, or as an investigator
uses a ground-level instrument, a record of reflectances of the earth's surface
is obtained which in reality is an instantaneous "'snapshot" of any given scene.
No new information may be derived until the sensor is in a comparable posi-
tion at some later time. In vegetated areas, this is a crucial point. The differ-
ence in information content between the two sampling periods is often used
to infer some vector of biotic or ecosystem response, e.g. growth or senescence
in the plant canopy. If between the two measurement intervals there are land-
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scape patches (either fine or coarse grained) that have been grazed by herbi-
vores, and olher patches nearby that have been left ungrazed, what is seen in
the remote sensing image? During peak activity of the growing season un-
grazed areas may show changes in reflectance indicative of increased bio-
mass, while at the same time nearby grazed areas will show changed reflec-
tance signatures from their earlier state(s) that contrast significantly with
signals in ungrazed areas. Through correlation techniques it can be deduced
that standing crop levels are much higher in unglazed areas when compared
to grazed areas. This then often leads to the conclusion that ungrazed areas
are more productive. However, as we have seen from the earlier discussion
about the HOC hypothesis, because of the biphasic response potential this
conclusion may be completely wrong!
Affirmation of this hypothesis is provided by Dyer et al. ( 1991 ) for both
mid- and end-of-growing-season sampling periods (Fig. 2). In a controlled
experiment using frequent mowing to simulate grazing in a uniform stand of
Bromus inermis at KPRNA, they obtained evidence of standing crop deple-
tion (a decrease >60%) over the growing season. However, plots mowed
heavily to simulate local grazing practices produced up to 44% more than
ungrazed controls. Obviously, for this to happen concomitant increases in
photosynthesis and growth and development processes had to have occurred.
No direct measures of these are available, but other data support this conten-
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Fig. 2. Results for grass and total biomass obtained from simulated grazing experiments con-
ducted in B. inermis plots, Konza Prairie Research Natural Area (KPRNA), Kansas, August
and October 1987. For each sampling period, the standing crop was reduced significantly
(',-60%) by mowing treatments designed to simulate grazing pressure in the tallgrass prairie
(40- c = control ), 20-, 10- and 5-cm heights ), bul total productivity (obtained from total offtake
during seven treatment dates) showed significant increases ( ~ 44%). Means with the same lel-
ters are not significantly different, Duncan's multiple range test (P= 0.05). STCRP = standing
crop values for August and October.
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tion. Nitrogen uptake was increased dramatically in mowed plots, consistent
with the increased plant growth and development hypothesis. Analysis of
covariance, with plant biomass and production to date as the covariates (Dyer
et al., 1991 ), showed that total grass productivity was independent of either
component. Thus, the conclusion follows that the metabolic state of plants in
the treated plots developed as a function of the treatment, which in turn in-
duced unknown internal physiological processes prompting the increases in
growth and development.
The most interesting question now is how remote sensing techniques may
describe these events. Because only standing crop reflectance values are ap-
parent to the sensors, it is not possible to obtain direct measurements of
changes in production rates via the standard visible or non-thermal infrared
bands, except by integrating the signals between two successive sampling pe-
riods. Thus, it is apparent that unless there are special adjustments made for
NDVI or greenness indexes, many grazingland state variables will contain an
inherently high error component. Data for two sampling dates (August and
October 1987 ) from the Dyer et al. ( 1991 ) study that show effects of mowing
and fertilizer application support this viewpoint (Fig. 3).
NDVI values did not show consistent trends within treatment types (graz-
ing and fertilization ) or throughout the growing season. Therefore, based on
our current knowledge, it appears necessary to develop some degree of cali-
bration for each specific study area. The amount of information required for
the calibration process will depend on the complexity of the landscape, what
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Fig. 3. NDVI from B. inermis plots a! two sampling dates, K.PRNA, ploued against vegetation
heights derived from treatments designed to simulate grazing treatments in the tallgrass prairie.
NDVI ratios differ significantly between the two sampling periods (August = mid growing sea-
son; October=end of growing season) and within plots. Means with the same letters are not
significantly different, Duncan's multiple range test (P=0.05).
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basic data are available from the local area and the degree to which the NDVI
model is to be extrapolated.
The main problem encountered with remote sensing studies of grazing-
lands and the use of NDVI is ensuring that qualitative and quantitative fac-
tors associated with canopy reduction, and a concomitant increase in soil ex-
posure, are accounted for as the growing season progresses. Data from the
KPRNA site studied by Dyer et al. ( 1991 ) are shown in Fig. 4. For calibra-
tion purposes, we have chosen to express the independent axis as NDVI. Here
we see three regressions covering all mowing treatments: ( 1 ) control plots;
(2) fertilized plots; ( 3 ) the two combined. The best fit regression for the two
treatments is a quadratic, however the curve forms are different. The curve
for fertilized data is concave; for control plots the curve is convex. The com-
bined curve, which would represent a mixture of fertilized and unfertilized
areas in the tallgrass prairie, is a power function (Fig. 4). In the combined
curve, variance is moderately high (R 2= 0.621 ), reflecting the combination
of all treatments. This high variance is a realistic expression because land-
scapes do not contain homogeneous nutrient patches. Therefore, it is appar-
ent that we must develop an approach to assemble the experience necessary
to minimize variance and to reduce as much as possible complex and costly
calibration routines.
Detailed information on plant reflectance is required. Even though a great
deal of work has been carried out on this subject in FIFE as well as elsewhere,
no studies have been designed to understand how grazing affects individual
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plant reflective properties. Further, no studies have been conducted to corre-
late the new physiological state ofgrazed plants that are contained within the
HOC hypothesis with a dynamic picture of changes in reflectance properties.
Lastly, a better model coupling the changing reflectance properties of veg-
etation and those of the underlying soil must be developed. As grazing alters
the plant canopy density and perhaps internal reflectance properties in un-
known ways, the substrate, which consists of surface litter and mineral soil,
becomes variously exposed. Heute (1988) has called attention to the need for
a soil transformation technique (Soil-Adjusted Vegetation Index = SAVI ), but
has not regarded the inherent biphasic nature underlying the overall problem
for grazinglands, even though his correction includes varying canopy biomass
densities. Not only will a large variety of soil properties be needed, but these
must be coupled with properties in the canopy that are induced by grazing.
Even after all these criteria are satisfactorily explained, it will be necessary
to address another problem, perhaps more daunting than those discussed
above. Variables measured for the SiB model in microsite conditions must be
coupled with those in the HOC model and extrapolated to larger components
in the landscape. This step is crucial, for without it, it will not be possible to
obtain information on momentum transfers through the plant canopy to the
boundary layer. This will be particularly important for gaseous exchanges.
With current approaches, which do not account for the HOC model, or for
either short- or long-term lag effects in transformations of stored energy com-
ponents, such transfers can only be measured with a high degree of uncer-
tainty on both fine-and coarse-grained ecological scales. Thus, grazers (types
and densities), canopy responses, reflectance properties of plants, and the
physical parameters of perturbed canopies and the underlying substrate must
all be combined in a new model to attain acceptable measures of grazingland
dynamics.
This series of highly detailed studies will have direct implications for un-
derstanding crucial interactions among plants and heterotrophs for studies on
"Global Change and Terrestrial Ecosystems", one of the principal core proj-
ects being planned by the International Geosphere-Biosphere Programme
(IGBP) (1988).
The total effects of grazing, or defoliation, are less known for other ecosys-
tems, but it is highly likely that similar conditions exist for forests and agri-
cultural lands. In these ecosystems, a large variety of herbivorous and sucking
insects perform basically the same role in herbaceous removal that large un-
gulates perform in grasslands; the only difference is the visibility of the two
groups of heterotrophs.
SUMMARY
A large amount of within-growing season productivity in grazinglands may
be governed by grazers, which can be explained by the HOC hypothesis.
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Standing crops of grassland vegetation are reduced by grazing, but total pro-
duction may either increase or decrease, depending on grazing intensity. Be-
cause remote sensing approaches obtain a series of"snapshots" of the earth's
surface, they can only measure the decrease in standing crop, thus missing the
main dynamics within the ecosystem. The error margins, which for some pro-
cesses may be as much as 100%, are further increased by the role of nutrients
and their variability in grazingland ecosystems.
Remote sensing models have been constructed around unperturbed ecosys-
tem dynamics. Because of the biphasic ecosystem responses induced by gra-
zers, there must be approaches developed to account for these impacts, which
affect both biomass and gaseous exchanges, other_vise variability in measures
of total system function will remain unacceptably high. Such conditions as-
sociated with insect defoliation probably exist in other ecosystems, such as
forests and agriculture, but their exact nature is much less known.
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MOWING AND FERTILIZATION EFFECTS ON
PRODUCTIVITY AND SPECTRAL REFLECTANCE IN
BROMUS INERMIS PLOTS I
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Abstract. Experiments were conducted to examine the potential role of grazing on
ecosystem-level parameters as part of the NASA-sponsored First ISLSCP 0ntemational
Satellite Land Surface Climatology Programme) Field Experiment (FIFE) conducted at
Konza Prairie Research Natural Area in 1987. Here we report results of one experiment
conducted in a field consisting primarily of Bromus inermis, a cool season C3 grass. The
experiment involved four simulated grazing components (unmowed control, 20-, 10-, and
5-cm mowing heights) and fertilization (untreated control and ammonium nitrate appli-
cation). The plots were mowed to ground level and raked in April, following which they
were mowed seven times during the growing season from May to October. Biomass pro-
duction, N production, and spectral reflectance data were collected with a hand-held ra-
diometer throughout the growing season, with standing crop estimates taken at two periods
(7 August [day 219] and 27 October [day 300]) to correlate with the remote sensing in-
formation base.
Standing crop values of mowed plots were as much as 67-70% lower than controls, but
they produced significantly larger amounts of both biomass and total N. Maximum season-
long production values in the mowed plots were _43% above controls, with major differ-
ences developing as a result of fertilization. Fertilized plots produced 67% more foliage
than unfertilized plots. Our data show over-compensator_ growth as a result of the simulated
grazing treatments.
Indexes (NDVI [normalized difference vegetation index] and greenness) derived from
the reflectance data were poorly correlated with biomass. The correlation of NDV1 with
N content of the canopy foliage was somewhat stronger, particularly if stratified by mowing
class. NDVI was a better predictor of vegetation status than the greenness indexes, but in
plots simulating heavily grazed areas where leafy vegetation was sparse and soil became
more visible from above the canopy its utility decreased significantly.
Key words: Bromus inermis; multispectral scanner (MSS); NDVI and greenness indexes; N fer-
tilization; remote sensing;, simulated grazing stresses.
INTRODUCTION
Grazing ungulates influence many patterns and pro-
cesses in grassland ecosystems (Dyer el al. 1982, Mc-
Naughton 1985). Depending upon the physiographic
province, the herbivore community, and intensity and
timing of grazing pressure, a large variety of grassland
systems develop as direct and indirect responses of
nutrient relocation (Woodmansee 1978) and alterna-
tive management practices 0Patton and Risser 1979,
Risser el al. 1981).
The overall impact of removal of plant tissue from
the community has been debated widely (Dyer et at.
1982, 1986, Belsky 1986, 1987, Edelstein-Keshet 1986,
McNaughton 1986, Paige and Whitham 1987, Mas-
chinski and Whitham 1989). The basic questions arc:
(1) how do individual plants of various grassland spe-
Manuscript received 12 February !990; revised 4 Feb-
ruary 1991; accepted 6 February 1991.
cies respond to being grazed, and (2) how do these
individual responses become aggregated to represent
productivity of a grassland landscape affected by graz-
ing? These then lead to the question: is there a general
response, in which case all plants are affected nega-
tively, or are there intermediate or ultimate states
wherein some species may redirect their short- and
long-term responses to adjust positively to grazing
pressures? Several recent reports (Paige and Whitham
! 987, Gold and Caldwell 1989, Maschinski and Whir-
ham 1989, Williamson et al. 1989) suggest a continuum
of responses that describe the range of responses pre-
dicted by the Herbivore Optimization Curve (HOC)
hypothesis (M,:Naughtou 1979a, Hilbert et al. 198 I).
More recently, laboratory investigations on carbon
source-sink relationships show that grasses may re-
spond to grazing nearly simultaneously with the grazing
event (Dyer et al. 1991). Furthermore, the responses
were related to ecotypic development as a function of
PRECEDING PAGE BLANK NOT FILMED
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long-term grazing history, suggesting that herbivores
may impose differing carbon allocation pressures on
grass populations (Dyer et at. 1991).
While many laboratory and small-plot studies report
both positive and negative feedbacks following her-
bivory, the question for events in landscapes is still
open. Contrary to conclusions reached by Belslcy (1986),
there are insu_cient data in the range science literature
to make an adequate assessment of the overall response
of grasslands to grazing. The problem is simply this:
(l) reports ofgrazing effects from managed systems are
from heavily stocked pastures dedicated to short-term
production (these stocking rates are varied in space and
time but almost without exception can be considered
heavier than pre-historical levels), and (2) long-term
permanent exclosures established to ascertain effects
of stocking rates in standard grazing lands practice can-
not be used as controls. Ironically, these exclosures no
longer represent the system they were established to
monitor because of the exclusion of large-animal in-
fluences, which is one of the main ecosystem processes
responsible for maintenance of grassland ecosystems
in steady-state conditions. Conditions for controls must
be established using either movable exclosures (Mc-
Naughton 1979a) and/or the analytical approach of
Hilben et al. (1981).
The only way we know to determine the true impacts
of grazing is to establish well-controlled experiments
involving grazing and simulated grazing (clipping or
mowing), and combine these with methods for extrap-
olating the information to the landscape. As we indi-
cated above, for grazing studies per se, it is necessary
to conduct work with movable exclosures (McNaugh-
ton 1979a), and for experiments simulating grazing
(necessary to control pattern diversity problems) one
must examine both intensity and frequently in large,
complex, expensive and difficult-to-conduct factorial
plot designs (Turner el at., in press). Lastly, to extrap-
olate the information to ecosystem and landscape di-
mensions, a combinations ofprocess information, sim-
ulation models, and remote sensing tools is essential.
McNaughton (1976, 1979b), working in the Seren-
geti Grasslands, was one of the first to apply remote
sensing techniques to landscape-level assessment of the
influences of grazing. Remote sensing also has been
used to examine other coarse-grain features in grass-
lands, such as surface temperatures in burned and un-
burned areas (Asrar et at. 1988), or soil moisture vari-
ations along randomly located gradients (Schmugge et
at. 1987, 1988). The basic research necessary to utilize
remote sensing to provide estimates of micro- and me-
soscale long-term productivity or the impact of grazing
is just now being assembled (Schimel el al. 199 l, *,_¢a-
stedt and Briggs, in press). Recently Kanemasu et al.
(1989) and Goward et al. (in press) have demonstrated
the utility of estimating not only plant biomass, but
also such parameters as absorbed photosynthetically
active radiation (PAR) using the Normalized Differ-
ence Vegetation Index (NDVI). Most analyses, how-
Vol. 1, No. 4
ever, use cumulative NDVI based on a time series of
coarse-grained satellite images, vs. a "snapshot" ob-
tained from a single satellite image. As satellites ca-
pable of taking relatively fine-grained images, such as
SPOT (20-m pixels) or LANDSAT TM (30-m pixeis)
have either infrequent coverage of an area (and/or are
expensive to obtain) the need to evaluate exactly how
much information can be extracted from single images
is an important, albeit preliminary, step for landscape
studies. Therefore, microsite responses to grazing or
simulated grazing and the protocol for scaling-up these
more detailed data into landscape levels need to be
established.
This report explores the effects of mowing and ni-
trogen amendment on a relatively homogeneous com-
munity in the tallgrass prairie, and provides infor-
mation on spectral reflectance in a field experiment to
study constraints on ecosystem responses. The work is
pan of an array of corollary experiments involved with
mowing and large-herbivore grazing in the native tall-
grass prairie ecosystem, with additional results re-
ported elsewhere (Turner et al., in press).
M_n'HODS _ MATERIALS
This experiment was conducted during the 1987
growing season in a 20-ha field containing a nearly pure
stand of Bromus inermis _-2 km east of the head-
quarters on the Konza Prairie Research Natural Area
(K.PRNA) near Manhattan, Kansas. The design was a
4 x 2 factorial (classes were mowing height x fertilizer;
mowing levels were control [no mowing], 20-, 10-, and
5-cm heights; fertilizer levels were control with no N
amendment, and a l 0 g/m 2 N amendment [ammonium
nitrate pellets]) with three replicates in each block. Each
replicate plot was 5 x 5 m. The plots were mowed and
ranked in early April (day 100) and mowing treatments
were conducted seven times during the growing season
(days 131,149, 176, 194,231,254,and 300). Estimates
of biomass removed were obtained at each mowing.
At two dates (7 August [day 219] and 27 October [day
300]) estimates of standing crop of the vegetation were
obtained from each plot. Production to day 219 and
day 300 was calculated by summing biomass removed
at each mowing with standing crop at the August and
October dates.
Plant material was transported to the laboratory and
dried to a constant mass, ground to pass through a 425
#m mesh screen and digested using a micro-Kjeldahl
procedure. A Technicon Autoanalyzer was used to de-
termine total N.
At six intervals (days 149, 176-177, 194, 217-219,
254, and 300), often just before the plots were mowed,
three spectral reflectance measurements were obtained
from each plot using a four-channel Exotech 100-A
instrument. The instrument was calibrated against lab-
oratory standards by Goddard Space Flight Center
(NASA) scientists in conjunction with the FIFE study
(First ISLSCP Field Experiment) of the Konza Prairie
as part of the ISLSCP (International Satellite Land
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Fxo. 1. (A) Cumulative biomass harvest for unfertilized
Bromus inermis plots on Konza Prairie Research Natural Area
(KPRNA) during 1987 NASA-sponsored Firsl ISLSCP Field
Experiment (FIFE). (B) Cumulative biomass harvest for fer-
tilized B. inermis plots on K.PRNA. Means _ 1 sEare shown.
Surface Climatology Programme) project (Sellers et al.
1988). All our data were collected between 0900 and
1200 Central Standard Time. Channels used were 1
(0.5-0.6 urn), 2 (0.6--0.7 urn), 3 (0.7--0.8 urn), and 4
(0.8-1.1 am); the instrument was held in a portable
frame 1.5 m above the ground, giving a 15* circular
angle of view impinging an _0, I-m: plot.
Linear regressions were used to test influences of
physical features in the field on spectral reflectance
characteristics. Dependent variables were the com-
puted Normalized Difference Vegetation Index (NDVI
= [Jr - r] + [ir + r] or [channel 4 - channel 2] +
[channel 4 + channel 2]), and greenness indexes that
have their origin in the methods of Kauth and Thomas
(1976) and subsequently used widely (Crist and Kauth
1986). One greenness index was taken from Weiser et
at. (1986), which has been developed further by Asrar
et at. (1986), and the second was derived from a Prin-
cipal Component Analysis (PCA) of the data collected
during this study. The independent variables were total
biomass (grams per square metre) and N content of
vegetation (percent of total dry biomass). Analysis of
covariance, using total biomass as the covariate, was
used to examine variation in reflectance within and
among the plots; Duncan's multiple range test was used
to test differences in class means (a = .05).
Analysis of variance, analysis of covariance, and re-
gression tests to determine mean differences in the ex-
perimental studies were conducted with SAS packages
for microcomputers (SAS 1988) through a license to
Kansas State University.
RF_tn.rs
Production dynamics
Biomass production. -- The main model ofthe ANO-
VA of the season-long, cumulative biomass harvest
showed highly significant variation (F = 34.63; df =
15, 51, P < .0001) with highly significant differences
between days (F-- 49.49; df = 8, 51, P < .0001),
treatment effects due to mowing (F -- 14.21; df = 3,
51, P < .0001), and fertilization (F = 43.45; df = 1,
51, P < .0001). Means (+_ one standard deviation) of
the harvest data for unfertilized (controls) and fertilized
classes are shown in Fig. 1. In the unfertilized class
(Fig. IA) cumulative biomass for 5-cm (664.4 g/m:)
and l 0-cm (629.0 g/m:) mowing treatments were 22
and 29% greater than the unmowed controls (514.8
g/m2); the 20-cm treatment showed the same level of
productivity as controls (P _ .05). In the fertilized class
(Fig. IB) cumulative biomass for all mowing treat-
ments (849.2-954.8 g/m 2) was much higher (45--63%)
than unmowed controls (585.2 g/m2). Over the entire
growing season the fertilized class produced 67% more
than the unfertilized (P = .05).
By 7 August the overall mean production level was
_53% of the total production for the growing season,
with _-95% of the total biomass being Bromus inermis.
For both the August and October sampling dates, sig-
nificant nonlinear relationships developed among
treatments (P < .01, Fig. 2). The plots mowed to 5 and
10 cm produced more than all others over the entire
growing season (the 10-cm plot = 43% > controls, P
< .05) with the 5-cm mowing class showing the greatest
production in August (34% > controls, P < .05) (Fig.
2).
As noted above, the application of N caused signif-
icant differences (Fig. 3). N-treated plots produced sig-
nificantly more than control plots (P < .0001 ); at mid-
season nitrugen-fertilized plot production was 52%
greater than controls (P < .05), and at the end of the
growing season it was 41% greater (P < .05). Un-
mowed, fertilized plots produced 13.7% more than un-
fertilized controls. Productivity for the I 0-cm fertilized
plots was 43.7% higher than the 5-cm unfertilized plots,
the two representing the highest cumulative production
for fertilized and unfertilized tr_tments, respectively.
No mowing height x fertilizer interactions were de-
tected.
Standing crop. -- Standing crop for all plots, mea-
sured 7 August to provide background information for
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Fro. 2. Standing crop biomass (STC) and biomass pro-
duced to dale (TOT) on Bromus inermis plots on KPRNA at
day 219 (7 August 1987) and day 300 (27 October 1987).
Within STC or TOT categories for the 2 too, bars containing
the same letters are not significantly different (Duncan's mul-
tiple range test, P = .05).
the remote sensing work, showed highly significantdif-
ferences (P < .0001), with values nonlinearly related
to mowing height treatment (Fig.2). Total standing
crops were reduced significantlyby the mowing treat-
ment (5-cm height was reduced 70% compared to con-
trois,P < .05,Duncan's multiple range test,Fig. 2).
No fertilizereffectwas observed (P --.774).The overall
picture forOctober was much the same (Fig.2).Mow-
ing effectsshowed a significantdecrease (P < .000 I),
with the 5-cm height reduced 67% compared to con-
trois(P < .05)(Fig.2).No fertilizereffectwas observed
(P = .07).
Nitrogen production.--Nitrogen content (as percent-
age of leaf dry biomass) showed significant nonlinear
variation throughout the growing season (F = 42.59;
df = 7, 149, P < .0001) and was different among un-
fertilized and fertilized plots (F = 75.01; df = 7, 149,
P < .0001) and mowing treatment (F -- 8.08; df = 3,
149, P < .0001) (Fig. 4A, B). Even though only three
sampling dates are available for the unmowed treat-
ment class, % N was significantly lower than any
of the mowed classes (P < .05). The 20-cm mowing
class was significantly lower than the 5- and 10-cm
classes (P < .05), which did not differ in their responses
(Fig. 4A, B).
Cumulative N production, derived from the season-
long harvest data, showed highly significant variation
in an ANCOVA using total biomass at each sampling
period as the covariate. Total production varied sig-
nificantly by date (F = 4.38; df = 7, 51, P ffi .001)
(means by date: day 300 = 17.54 g/m2; 254 -- 15.02;
231 ffi 3.68; 219 = 12.06; 194 = 11.92; 176 = 8.93;
149 = 5.1; and day 131 = 2.02 g/m:); by fertilizer
treatment (F = 11.55; df = l, 51, P --- .002) (fertilized
class = 16.36 g/m:; unfertilized class = 5.83 g/m2); and
Ecological Applications
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by mowing treatment (F = 7.53; df = 3, 51, P = .0005)
(5-cm mowing height = 15.87 g/m:; 10 cm = 11.64;
20 cm = 6.86, and controls = 6.74). (The 5- and 10-
cm classes were significantly different from each other
and from the other two classes [P < .05]; the 20-cm
and control classes were not significantly different [P
> .05].) Maximum N production over the entire grow-
ing season was in the 5-cm, fertilized class (cumulative
total N -- 35.29 g/m:), the least was in the unfertilized
control class (5.72 g/m:). There also was a significant
interaction between fertilizer and mowing treatments
(F = 7.26; df -- 3, 51, P ffi .0006).
Remote sensing measurements
Normalized difference vegetation index.--NDVI
showed significant differences by date throughout the
growing season (F = 37.75; df = 6, 167, P < .0001),
fertilization (F = 57.19; df = 1, 167, P < .0001), and
mowing treatment (F = 39.62; df = 3, 167, P < .0001)
(Fig. 5A, B [n.b., to avoid clutter, averages of three
replicate plots are shown in the figures; the ANOVA
was conducted on all values]). Mean values for control
and 20-cm classes were not different (P > .05), but
means for the 10- and 5-cm treatments were signifi-
cantly different from one another and from the other
two mowing classes (control > 20 cm > l0 cm > 5
cm, P < .05). Regressions showed that a parabolic
relationship exists for NDVI in unfertilized plots with
widely varying goodness of fit (Fig. 5A: r 2 for controls
= 0.822; 20 cm = 0.791; 10 cm = 0.195; and 5 cm =
0.781), but decreasing linear relationships converging
on conditions at the end of the growing season are
apparent for the fertilized plots, with even wider vari-
ation in the regression fit (Fig. 5B: r: for controls =
0.808; 20 cm = 0.66; 10 cm ffi 0.282; and 5 cm =
0.132).
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FIo. 3. Production values for total biomass m fertilized
and unfertilized (=control) Bromuz inermis plots on KPRNA,
1987. Data are shown for 7 August and 27 October sampling
dates. Bars within August and October datasetsare signifi-
cantly different (Duncan's multiple range test, P = .05).
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FIG, 4. Changes in nitrogen content of leaves during the
growing season in unfertilized (A) and fertilized (B) Bromus
inermis plots on KPRNA, 1987. Polynomials are best fit curves
for each of the mowing classes. Control plots were sampled
on two dates only (7 August and 27 October). Initial condi-
tions were assumed to be 0.8% N (T. R. Seastedt, unpublished
dam).
A significant relationship developed between NDVI
and percent foliar nitrogen over the entire growing sea-
son (F = 35.45; df = 1, 112; P < .0001), but variance
was relatively high (r 2 = 0.252). Fertilization showed
an effect on relationships between the two variables.
(For unfertilized plots F = 3.99; df = l, 55, P = .05,
r: = 0.069; for fertilized plots F = 23.78; df = 1, 56,
P < .0001 [r 2 = 0.302] [Fig. 7A].) In Fig. 7B the effects
of mowing treatment are shown. Controls showed no
relationships between the two variables (F = 1.24; df
= 1, 11, P = .291, r 2 = 0.11), but there were highly
significant relationships for the other three classes (20
cm, F = 24.99; df = l, 32, P < .0001, r: = 0.446; 10
cm, F-- 34.06; df = 1, 31, P < .0001, r2 = 0.532; and
5 cm, F= 20.91; dr= l, 35, P < .0001, r 2 -- 0.381).
The intercept for the controls did not differ from those
of all other classes (P > .05), but intercepts for each
of the other treatment classes were significantly differ-
ent from one another (P < .05) (20 cm > 10 cm > 5
cm, Fig. 7B).
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In Fig. 6, NDVI is compared to biomass values col-
lected from all plots on days 219 (7 August) and 300
(26 October). For these data there were significant dif-
ferences between dates (F = 23.21; df = 1, 47, P <
.0001), no differences for fertilizer treatments (P > .05),
and significant differences for mowing treatments (F =
4.91; df = 3, 47, P = .005) {Fig. 6A, B). Fig. 6A also
shows that the slope for NDVI plotted against biomass
was zero. When differences among dates are examined
(cf. regressions for August and October, Fig. 6A) or if
mowing treatments alone are examined (Fig. 6B) slight-
ly more predictable relationships emerge. Inspection
of the patterns between the various treatments suggests
that overall there is a lack of consistent response. The
ANOVA showed that responses for the control, 20-
cm, and 10-cm treatments were not significantly dif-
ferent (P > .05), but that the response for the 5-cm
treatment was significantly different from all others (P
< .05) (Fig. 6B).
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Fro. 5. Normalized difference vegetation index (NDVI)
by sampling date in unfertilized (A) and fertilized (B) Brom_
inermis plots on KPRNA, 1987. Best fit regressions are pre-
seated for each of the mowing classes. Unfertilized control
plots demonstrated parabolic responses, fertilized plots showed
decreasing linear responses converging on a common point
at the end of the growing season.
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relationships between the greenness index and either
standing crop biomass or fertilizer effect (P > .05).
The greenness index described by the principal com-
ponents analysis conducted for this study showed no
significant differences for either date or fertilizer treat-
ment (P > .05). Mowing showed a significant difference
. (F = 4.03; df = 3, 47, P = .013), with a complex pattern
in the response (5 cm > control and 10 cm > 20 cm).
No mowing x fertilization interactions were observed,
and regression analyses found no significant relation-
, , ships between this greenness index and standing crop
7c_ 8oo biomass, fertilization, and percent N (P > .05).
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FnG. 6. Normalized difference vegetation index (NDVI)
plotted against standing crop biomass levels for the 7 August
and 27 October sampling dates. Differences in relationships
were apparent between the two months, but not for fertilizer
treatment (A). The overall regression slope (solid line) was
not significantly different from zero (P > .05). NDVI values
varied significantly according to mowing class (P < .05) (B).
Greenness indexes.--For the August sampling date
the principal components equation for the Exotech 100
instrument was (Ch = Channel):
GN = 0.5305 Ch 1 + 0.4394 Ch 2
+ 0.5164 Ch 3 + 0.5087 Ch 4. (1)
For October the equation was:
GN = 0.5327 Ch 1 + 0.4971 Ch 2
+ 0.5371 Ch 3 + 0.4250 Ch 4. (2)
In August the Weiser et al. (1986) greenness index
showed no significant difference due to mowing (F =
2.50; df = 3, 23, P = .099), but there was a significant
difference due to fertilizer treatments (F = 4.93; df =
1, 23, P = .05). In October the index showed no sig-
nificant difference fer mowing (F = 2.94; df = 3, 23,
P = .067), but there was a significant fertilizer effect (F
= 7.12; df = 1,23, P = .018). No mowing x fertilization
interactions were observed for either sampling date.
Despite the statistical association shown for fertilizer
treatments, regression analyses showed no significant
DISCUSSION
Plot productivity
In conjunction with the FIFE study on the Konza
Prairie Research Natural Area (KPRNA) we have used
field experiments and remote sensing to analyze grass-
land ecosystem processes. Because there has been no
previous remote sensing work conducted on the im-
pacts of consumers (grazing) on productivity in this
tallgrass prairie, we have focused on this approach.
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Research was designed to ask whether ecosystem-level
effects can be detected by utilizing remote sensing ap-
proaches, ranging from ground-level to high-altitude
imagery, including that from satellites. This work ex-
amines the least complex system at Konza Prairie, a
relatively homogeneous C3 Bromus inermis commu-
nity planted in uniform deep bottomland soils. Weath-
er patterns during the 1987 growing season were un-
usually wet, causing continuous growth orB. inermis,
which usually senesces during summer dry periods more
often encountered on the Konza Prairie. Thus we were
able to provide a growth pattern to our field experi-
ments relatively unpunctuated by the effects of a major
summer "dry down," which is more often the norm.
Our results show conclusively thai B. inermis, as is
the case with many C4 and C3 grasses, responds to
repeated grazing (here mowing was used as a surrogate
of grazing) by altering productivity when compared to
ungrazed controls. The type of change is a function of
the degree of removal and has been described empir-
ically and theoretically by several workers in terms of
the Herbivore Optimization Curve (HOC) (McNaugh-
ton 1979a, Hilbert el at. 1981, Dyer et at. 1982, ! 986,
Williamson et al. 1989, and others), as well as in the-
oretical models of the dynamics of plant quality in
response to herbivory (Eclelstein-Keshet 1986). The
response is known for many differenl species in grass-
lands throughout the world. In many cases processes
associated with grazing regulate a large amounl of the
variance in productivity during any one growing sea-
SOIl.
The responses to the experiments we describe here
were relatively straightforward. Even though standing
crop biomass was highest on unmowed control plots,
throughout the growing season mowed plots produced
more than controls; at midseason the maximum change
was + 34% by all 5-era-high plots mowed five times,
and by season end was +27% by all 10-era-high plots
mowed seven times. These responses and their values
are biologically significant in several ways. They point
to the importance of understanding grassland produc-
tivity under grazing stress, but also focus attention on
the inherent difficulty of determining grassland func-
tion by relying on instantaneous measures ofbiomass,
particularly if taken in ungrazed portions of grazed
sites, or in grazed pastures if response to grazing is not
accounted for.
In addition to a mowing effect, a pronounced fertil-
izer effect was observed. While no mowing × fertilizer
interaction was observed in the ANOVA, overcom-
pensation by all mowing treatments was observed un-
der fertilized conditions. Only the 5- and 10-cm mow-
ing treatments were more productive than the unmowed
plots in the absence of fertilizer. Nitrogen availability
therefore does appear to be an important component
in the over-compensatory response as predicted by Dyer
et al. (! 986) and Edelstein-Keshet (1986) in theoretical
studies, and observed by Coppock et at. (1983), Detling
and Painter (1983), Detling (1987), Holland and Det-
ling (1990), Turner (1990), and Turner et at. (in press).
Thus, in view of responses that follow the HOC as
a function of the mowing classes, and interaction effects
between mowing and fertilization, which fit other re-
ported studies (Detling 1987), we have every reason to
believe that our treatments have realistically repre-
sented what happens in a natural grassland system.
The covariance analyses for the nitrogen assessments
are worth special note. Essentially this technique filters
out the effect of biomass or productivity on variation
due to treatment or seasonal effects. By using biomass
as the covariate we are asking if there is a nitrogen
effect independent of biomass changes as a function of
mowing or fertilizer class. The mowing treatment shows
an effect in midseason, but this disappears by the end
of the growing season. We then used cumulative bio-
mass values as the covariate (data not presented), and
in doing so posed a more abstract question, because
the cumulative biomass parameter is not immediately
measurable at any poinl in time, and, as such, served
as a surrogate for altered physiological state. Interest-
ingly, we observed much the same result. There was a
pronounced fertilizer treatment effect, and the mowing
treatments showed effects at midseason, but not at the
end of the growing season.
Since the variance in nitrogen concentrations cannot
be attributed solely to differences in foliage biomass,
grazing alters plant physiology in ways beyond the sim-
ple dilution of nitrogen in enhanced biomass. Nothing
about the exact nature of these processes can be derived
from this study, but by inference internal plant dynam-
ics involving N, such as chlorophyll content (Ram undo
et al. 1989) and carbon allocation were affected by
fertilizing or mowing. In turn these resulted in biolog-
ical interactions in the field controlling production dy-
namics and remote sensing variables. This sequence
of events underscores the importance of knowing the
hierarchical components of a major ecological problem
before it can be understood adequately.
Remote sensing measures
For the two intensive sampling dates (7 August and
27 October) the Normalized difference vegetation in-
dex (NDVI) derived from hand-held radiometer data
collected for this study detected mowing treatment dif-
ferences, but was refractory to fertilizer effects, even
though the season-long record showed a pronounced
association with N (Fig. 7A). The greenness index re-
ported by Weiser et at. (1986) was unresponsive for
the B. inermis experiment, and the greenness index we
developed specifically for the B. inermis plots using
principal components analysis was only moderately
successfulinitsapplication.
An analysisofcovarianceofindividualradiometer
band values,withstandingcropasthecovariatc,showed
thatreflectancefrom the plantcanopy isindependent
ofdry biomass per se.This findingreaffirmsolderre-
r.--\
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ports that structural components alone are not the main
basis for determining the amount of absorption or re-
flectance, but other properties contained within the
plant, mainly water and chlorophyll (Tucker 1979), are
the determinants. Thus, if biomass (or its equivalent,
leafarea) is not the main source of variation, and since
N (the main contributor to chlorophyll development)
varies according to mowing treatment, it follows that
the main controller of remotely sensed radiation is the
internal state of the plant. In our experiments we take
this to be both the qualitative and quantitative N status
within the plant. This is an important factor in mea-
suring canopies that are influenced by grazing. Total
instantaneous biomass is reduced temporarily, but at
the same time the plant's metabolic status can be in-
creased significantly, one of the net results being that
total N is increased. Therefore, changes in leaf area or
total biomass that affect absorption or reflectance as a
function of grazing may be offset by concomitant
changes due to nitrogen or water status. No studies
have been performed to work out this complex equa-
tion, but our data suggest that these functions are im-
portant.
In remote sensing studies instantaneous snapshots
are taken of a landscape. At each time such a snapshot
is obtained, standing crop biomass is recorded (Figs.
l and 2). Dynamic representations (season-long pri-
mary productivity, for example) are obtained by in-
tegrating between successive measurements. However,
because physiological and species-level population re-
sponses are nonlinear, this does not give an accurate
picture of ecosystem dynamics and overall behavior.
Fig. 2 provides an example of the basic phenomena as
a result of grazing treatments. Instead of a simple re-
duction of standing crop biomass distributed uniform-
ly throughout grazed areas, the real situation is a patchy
landscape with high and low production areas governed
by the recent grazing history. Failure to account for
this patchy environment can create errors in estimating
other ecosystem parameters, such as energy fixation,
respiration, and, especially, evapotranspiration. The
errors can be significant, as Fig. 2 shows. While high-
altitude remote sensors may document grazing land
vegetation, much as we provide for 8. inerrais standing
crops (Fig. 2), the standing crop picture is an extremely
poor representation of overall function in the grass-
lands.
What is happening physiologically is indicated by
data showing productivity increases above controls.
The total amount of tissue produced by mowed (grazed)
plants is significantly higher, which means that other
parameters involved in growth and respiration are also
changed concomitantly. Rates of photosynthesis, tran-
spiration, translocation, and several processes associ-
ated with rhizosphererespirationare allincreased.
Products associated with these processes that are re-
leased into the surrounding environment, such as CO2,
H20, N20, and various organic or inorganic molecules,
M. I. DYER ET AL. Ecological Applications
Vol. I, No. 4
will be changed as well. In some instances there could
be increased uptake, in others increased releases. This
switching behavior has important implications for re-
gional-level and global-change studies.
The potential overall impact is large. If we assume
responses proportional to biomass production, our ex-
perimental measurements suggest that metabolic in-
creases in the field may reach levels 40% over controls
(measured for the 10-cm mowing height). At the same
time this treatment class showed the lowest standing
crop (a decrease to _ 70% of controls). If, as is often
done, it is assumed that metabolic activities cited ear-
lier are reduced accordingly, erroneous estimates of
ecosystem dynamics amounting to > 100% can easily
come about. In actuality, this is probably a conserva-
tive estimate because the plant growth responses are
not linear.
The relationship between NDVI and percent foliar
nitrogen for different grassland sites deserves com-
ment. In this study it is apparent that the slopes of the
season-long regressions of NDVI plotted against nitro-
gen are positive (Fig. 7). However, in a mowing height
and frequency study without the application of N that
was conducted nearby on a native tallgrass prairie com-
munity, the slopes ranged from zero to negative (Tur-
ner et at., in press). Because the site conditions were
different and because we did not add fertilizer to the
tallgrass prairie community, the levels of N incorpo-
rated into vegetation in the mowed classes were much
less than in the B. inermis study (Turner et at., in press).
As a result, structural biomass became more important
than N content in controlling the overall reflectance
response and the NDVI ratios in the tallgrass prairie
community in contrast to the results reported here for
the B. inermis study. Equally important, the level of
variability for within-treatment classes was much low-
er. In this study, as we have pointed out earlier, there
was a biological interaction between structural biomass
and the increased N content for the mowed and fer-
tilized classes, and this interaction provided a higher
degree of variability within and between classes. These
differences between the two studies further point out
the degree of variation one must expect within a land-
scape framework.
Of the three indexes used in this study, NDVI seems
to be the most robust and preferred. Goodness-of-fit
characteristics are not as good overall as those pre-
sented in other reports (Tucker et at. 1980, 1985, Go-
ward et at. 1986), but it must be noted that we were
examining heterogeneity among plots. The Weiser et
at. (1986) greenness indexes did not represent biomass
variability among our plots at all. This index is the
closest generic greenness index for the Konza Prairie
(Asrar et at. 1986, Weiser et at. 1986), but it was de-
veloped over different softs for a mix of different spe-
cies. Nonetheless, the fact that it was developed to
represent Konza Prairie conditions and did not is dis-
turbing, for that possibly means a different greenness
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index must be developed for each and every new case,
an impractical solution to developing remote sensing
techniques to examine ecosystem form and function.
Equally surprising was the finding that the greenness
index developed from our data base using a PCA did
not represent varying conditions among our plots. Thus,
we suggest continued use of the NDVI, but with caution
in heavily grazed areas because goodness of fit may be
reduced considerably with increased patchiness and
within-site variability.
Landscape assessments
NDVI indexes often have been developed from un-
disturbed canopies in microsite conditions and applied
to the larger landscape picture. This approach intro-
duces a major amount of uncertainty. For example, as
we present in this paper, in grazed systems there is a
within-growing-season reduction in standing crop bio-
mass that alters the amount of PAR being intercepted.
With heavy grazing, a common management practice
in rangelands, LAI often becomes less than one, which
means that increasingly less productive plant tissue
with a higher albedo and a greater proportion ofground
conditions are exposed to incoming radiation. But at
the same time, as we have already pointed out, at the
physiological process level increased grazing pressures
increase relative growth rates and the level of N in the
plant tissue, in turn increasing the NDVI index. Thus,
values from these sources become integrated in reflec-
lance measurements, often in unpredictable ways. This
differential response model is apparent in our experi-
ment.
Perhaps the main problem lies in the fact that system
responses are nonlinear and that there is an inherent
scale problem involved in using NDVI. While reflec-
tance indexes for unmowed plots and those mowed to
I/2offuU canopy levels were linearly related, canopies
mowed to _/4 and _/8of controls became transparent to
plant stems and soil conditions, causing a nonlinearity
in reflectance values that can be transferred mathe-
matically into the indexes. These latter mowing levels
are commonly encountered within and among grazed
pastures that constitute a relatively fine-grained pattern
within the landscape. Thus, not only is there patchiness
in the environment at any given time that a single
snapshot encounters, but often there are dramatic
changes from to to t0+m, where it has been hoped that
remote sensing information could help define progres-
sion of seasonal dynamics. Instead, the remote sensing
information itself may be as variable as the physical
components in the spatial/temporal landscape mosaic,
thus leaving us with the problem of analyzing these
new uncertainties.
These uncertainties, which involve knowing about
changing conditions in the canopy and the soil, coupled
with the problem of representing total productivity dis-
cussed above, must be solved before it is possible to
utilize remote sensing for making accurate measure-
ments of grazing effects in grasslands. Parts of this sit-
uation have been discussed by Huete (1988) for a va-
riety of soil effects and for areas of the United States
Southwest. His suggested solution is to introduce mod-
els, such as SAVI (Soil Adjusted Vegetation Index), to
account for combinations of vegetation and soil re-
flectance properties. While Huete (1988) advocates the
use of SAVI under a broad array of conditions, no
experience exists with employing this technique in the
tallgrass prairie under extreme variations, such as those
experienced in this study. More recently Hall et al.
(1990) have suggested new methods employing the use
of the second derivative of the reflectance vs. narrow
wavelength function to help solve the problem of cor-
recting for uncontrolled heterogeneity in landscapes.
These two ideas need to be tested thoroughly in grass-
land communities subjected to a variety of grazing
pressures. In the meanwhile, NDVI can be considered
a useful index for following relatively fine-grained eco-
system processes and patterns, but its overall use needs
to have more careful ecological scrutiny than has been
employed heretofore.
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APPENDIX J
• Seasonal Variation of Heterogeneity in the
Tallgrass Prairie: A Quantitative Measure Using
Remote Sensing
John M. Briggs
Division of Biology, Kansas State University, Manhattan, KS 66506
M. Dua,le Nellis
Department of Geography, Kansas State University, Manhattan, KS 66506
ABSTRACT: Remote sensing may be a tool to quantitatively measure the change in heterogeneity that takes place in a
landscape over a growing season. Seven different SPOT satellite scenes of the Konza Prairie Research Natural Area
were analyzed to assess the potential of using textural algorithms as a quantitative measure of seasonal variation in
heterogeneity. Unburned watersheds usually have greater heterogeneity than annually burned watersheds. However,
the greatest amount of heterogeneity as measured by textural analysis occurs in those areas with a mixture of forest
and upland tallgrass prairie. Results suggest that remote sensing textural algorithms, in combination with normalized
vegetation difference indices, can provide insight regarding both temporal changes that occur seasonally and the
influences of periodic spring fires and management practices on the tallgrass prairie ecosystem.
INTRODUCTION
IRE IS CONSIDERED a necessary component for the preser-
vation and maintenance of the North American taUgrass prairie
(Hulbert, 1969; Owensby and Smith, 1973; Towne and Ow-
ensby, 1984). In the absence of recurrent fire, litter accumulates,
plant production declines, plant composition changes, and woody
species invade (Abrams et al., 1986; Bragg and Hulbert, 1976;
Briggs et al., 1989; Knapp and Seastedt, 1986).
Landscape heterogeneity relative to the frequency of fire within
a landscape, however, is an important component of under-
standing the tallgrass prairie ecosystem. Annual burning of tall-
grass prairie reduces the diversity of both vegetation and various
grassland birds and mammals (Collins and Gibson, in press;
Kaufman ctal., in press; Finck and Briggs, unpubl data). Gibson
(1988) reported on the fluctuation (i.e., non-directional irregular
changes induced through yearly climatic variation), regenera-
tion, (i.e., cyclic succession; recovery from a fire), and landscape
heterogeneity of tallgrass prairie burned every four years. He
reported that vegetation community patterns were related pri-
marily to original landscape heterogeneity and secondarily to
the burning cycle. Furthermore, he found that watersheds re-
main distinct from each other in spite of the same treatment
effect (fire).
Allen and Wyleto (1983) reported that the scale of analysis is
critical to what is deemed important in determining community
composition within the tallgrass prairie. The ability to detect
environmental heterogeneity depends on the scale of measure-
ment (Wiens, 1989). For example, climatic fluctuations and wa-
tershed differences would represent large-scale effects, fire
frequency within a watershed may represent an intermediate
effect, while different soil types within a watershed would rep-
resent a small scale effect. All of these factors interact within
the context of landscape heterogeneity to maintain the tallgrass
prairie. Thus, a quantitative tool to measure and aggregate
landscape heterogeneity in the tallgrass prairie over various spatial
scales as well as under different management plans is needed.
Recovery from spring burning and seasonal growth patterns
of an adjacent annually burned (over a period of 15 years) and
long-termed unburned (not burned for 15 years) taUgrass prairie
is shown in Figure 1. As illustrated, any measure of heteroge-
neity in the tallgrass prairie must also include a temporal com-
ponent in addition to a spatial component. Remote sensing,
through its repetitive acquisition of digital image data using
various types of electromagnetic energy, may provide such a
tool. An investigation is therefore warranted of textural algo-
rithms as applied to remote sensing data in an attempt to quan-
titatively measure heterogeneity of tallgrass prairie landscapes.
Nellis and Briggs (1987) used band ratioing of digital numbers
associated with a Landsat Thematic Mapper scene to discrimi-
nate between burned and unburned areas within a tallgrass
prairie. However, such direct measures of spectral reflectance
do not give a quantitative measilre of heterogeneity within a
landscape unit. In our earlier paper (Nellis and Briggs, 1989),
we used texture analysis as a quantitative tool to measure the
effect of spatial scale on various landscapes within the Konza
tallgrass prairie of Kansas under various management treat-
ments.
Textural algorithms generate a value that can reflect the amount
of heterogeneity.within a landscape. Such algorithms generally
measure the similarity between a central picture element in a
subset of the image matrix and the surrounding picture ele-
ments in a moving image window.
Texture can also be described as fine or coarse. As spatial
patterns become more definitive in an image and extend over
many pixels, a coarse texture results (Haralick et aI., I983).
Measures of interdependence of pixels are commonly made
by quantitatively examining the variability of pixels within a
specified block of picture elements (Haralick and Shanmugan,
1974; Haralick, 1979; Hsu, 1978; Frank, 1984; Wang and He,
1990). However, there is no widely accepted texture measure
appropriate for all landscape monitoring applications. Statistical
textural features, though, have been used to measure the sim-
ilarity or differences between a central picture element in a sub-
set image matrix and the block of surrounding elements (Shih
and Schowengerdt, 1983). Nellis and Briggs (1989), for example,
have used Landsat Thematic Mapper (TM), Landsat Multispec-
tral Scanner (MSS), and density sliced aerial photography to
demonstrate the advantages of textural information in combi-
nation with reflectance information for improving image clas-
sification and interpretability.
The size of landscape features can also bias the texture mea-
sure. Landscape unit size is normally adjusted for by selecting
a neighbor dimension appropriate for a particular study area.
For example, a 3 by 3 picture element neighbor may be more
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FJG.1. The seasonal pattern of several components of abov-
eground biomass on two adjacent ungrazed watersheds on
KPRNA--One annually burned and the other a long-term un-
burned. Solid items = burned site, while clear items = un-
burned site. Circles = total aboveground biomass; triangles
= grass biomass; squares = forbs and woody plant biomass.
Total aboveground biomass production includes live grass,
forbs, woody plants, and current year's dead biomass.
appropriate in diverse landscapes, and a 10 by 10 window in a
homogeneous landscape.
The objective of our study was to use texture analysis as
applied to SPOT HRV multispectral data sets throughout a grow-
ing season in the tallgrass prairie to monitor the changes in
heterogeneity that occur within various landscape units. Tex-
ture was determined by measuring the maximum difference
between the largest and smallest digital numbers in a landscape
unit neighbor (pixel matrix). These values were then used to
evaluate the effect on landscape structures associated with var-
ious management practices commonly used in the Flint Hills.
STUDY SITE
Konza Prairie Research Natural Area (KPRNA) is a tallgrass
prairie located in the Flint Hills region about 10 krn south of
Manhattan, Kansas (Figure 2). This 3487-ha area is largely na-
tive grassland dominated by big bluestem (Andropogon gerardiO,
little bluestem (A. scoparius), Indiangrass (Sorgastrum nutans),
and switchgrass (Panicum virgatum). Konza Prairie Research
Natural Area is representative of the Flint Hills Upland, a band
of rolling hills roughly 70 kilometres wide, extending across
Kansas from near the Nebraska-Kansas border south to Okla-
homa (Figure 2). The hills were formed by the erosion of the
underlying Permian limestone and shale sediments. The hills
are characteristically steep-sided with distinctive benches above
the limestone members. Soils on slopes and uplands are typi-
cally shallow and rocky while larger valleys have deep, perme-
able soils. Elevation on KPRNA ranges from 320 metres to 444
metres, with most of the land in the range of 366 to 427 metres.
Slightly more than six percent of K.PRNA is wooded by gallery
forest (narrow bands of woody vegetation along the stream
channels), dominated by bur oak (Quercus macrocarpa), hack-
berry (Celtis occidentalis), and chinquapin oak (Q. muehIenbergii).
Under an experimental plan initiated in 1971, different wa-
tershed units (catchment basins) were placed under a variety
of prescribed burning (mid-April) regimes ranging from annual,
2-, 4-, 10-, and 2,0-year (long term unburned) intervals (Marzolf,
1988).
MATERIAL AND METHODS
Seven different SPOT HRV satellite scenes (with a 20-meter
resolution) of the Konza Prairie Research Natural Area were
used to determine the value of textural algorithms for examin-
ing seasonal variation in landscape diversity. The HRV SPOT sys-
Flint Hills
FIG. 2. The Kansas Flint Hills.
tem has three bands of electromagnetic energy sensitivity (channel
1, 0.50 to 0.59 micrometres; channel 2, 0.61 to 0.68 micrometres;
channel 3, 0.79 to 0.89 micrometres). Scenes were selected based
on cloud cover (less than 5 percent) and zenith view angle (less
than 5 degrees). The scenes, collected in 1987 (20 March, 10
April, 01 May, 26 June, 28 July, 13 September, and 30 October),
were geometrically co-registered using at least 30 ground points.
In addition, to facilitate across-date comparisons, the scenes
were radiometrically normalized using pseudoinvariant fea-
tures and corrected for solar zenith angle after procedures de-
veloped by Schott et al. (1988) with modifications for use with
the HRV SPOT system. These modifications simply involved
matching the appropriate SPOT HRV channels with the one sug-
gested by Schott et al. (1988) for their work using Landsat The-
matic Mapper (TM) data sets. This approach corrected for changes
in atmospheric propagation, illumination effects, and sensor
response differences in the multitemporal HRV SPOT data. Other
factors are more difficult to correct (i.e., shadowing from veg-
etation), and may have some impact on the resulting digital
values used in this analysis.
Normalized difference vegetation indices (NDVI) of each scene
were calculated using the equation
(channel 3 - channel 2)/(channel 3 + channel 2),
as NDV] has been successfully used in the Flint Hills for biomass
comparisons between burned, unburned, grazed, and un-
grazed areas (C. L. Turner, unpubl, data) (Figure 3). A textural
contrast algorithm was then applied to each NDVI generated
scene. For comparative purposes, the textural algorithm was
also applied to each individual channel. The textural algorithm
(after Jensen, 1986) involved passing a 3 by 3 window rain-max
texture operator through each image. The higher the resulting
textural number (approaching 256), the greater the degree of
contrast or heterogeneity. Textural contrast values were then
compared to KPRN^ watershed burning treatments and result-
ing landscape composition.
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FIG. 3. SPOTHRV Normalized Vegetation Difference Indice of the Konza Prairie Research Natural Area on 01 May 1987.
Fourteen landscape areas (Table 1) indicative of land-use
practices in the Flint Hill regions were selected to monitor sea-
sonal changes. Because these areas were co-registered, it was
possible to obtain spectral readings on the same geographical
area from each geometrically corrected scene.
RESULTS AND DISCUSSION
Heterogeneity (degree of landscape contrast), as determined
by utilizing texture algorithms on channel one (0.50 to 0.59 mi-
crometres), was higher (values ranging from 40 to 120) in the
early part of the growing season for all landscape types (Figure
4). This early season contrast is probably due to variability pres-
ent in the standing previous year's dead vegetation (i.e., be-
tween the standing vertical stems and mixed lodging of dead
stems) and a lack of leaf cover in forest canopy allowing greater
response from numerous understory components.
The measure of textural contrast, however, was most dra-
matic in the early season for riparian areas of mixed deciduous
forest and native grassland (values from 40 to 120). As the soils
warm and with reduced competition resulting from the late
spring burns, C4 grass (big bluestem, little bluestem, and Indian
grass) production increases dramatically, thereby reducing the
degree of heterogeneity in the areas with more frequent burning
(i.e., watersheds 1D and 2D). In addition, in the riparian areas,
trees leaf out in late April-early May. The result is a relatively
rapid decrease in textural contrast, which may be due to more
uniform canopies of trees and grasses obscuring the landscape
diversity in the lower understory (down to a textural values of
approximately 40). As variability in senescence begins to dom-
inate in late summer and early fall, the degree of heterogeneity
increases as measured by the textural algorithm (e.g., wa-
tershed 2D and 4B; Figure 4).
The lowest degree of seasonal variability in textural contrast
was obtained for a winter wheat field/fallow field (Figure 4).
The uniformity of the wheat stand in the early spring and same
uniformity after harvest in stubble and mulch is reflected in the
consistent low textural values (values of textural contrast of about
40).
In channel 2 (red wavelength band), the pattern of textural
TABLE 1. LANDSCAPE AREAS MONITORED OVER THE GROWING SEASON
2D - Ungrazed area, biennial burned since 1977, last burned in 1986
1D - Ungrazed area, annually burned since 1977, last burned in 1987
UB - Long-term ungrazed, unburned not burned for 15 years
10 - Ungrazed area, burned every 10 years, last burned in 1981
4B - Ungrazed area, burned every 4 years, last burned in 1986
C1 - Long-term ungrazed, unburned for 7 years
PO - Grazed by domestic cattle, not burned in 1987
WH - Grazed by domestic cattle, burned in 1987
KI - Mixture of forest and grassland
GA - Mixture of forest and grassland
SH - Mixture of forest and grassland
NA - Mixture of forest and grassland
FA - Winter wheat field in 1987
AG - Soybean field in 1987
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FIG. 4. Degree of Textural Contrast for channel 1 of the SPOTHaY satellite
for the seven dates. Key for area is explained in Table 1.
°410 PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1991
response across landscape units (Figure 5) is very similar to that
for channel 1. The primal' difference is the stronger vegetation
response due to chlorophyll absorption in the 0.61 to 0.68 mi-
crometre range. The result of this greater sensitivity is a higher
level of textural variability (an increase of 10 to 20 percent) in
landscape response (based'on a higher degree of difference noted
in the SPOT data for vegetative vigor in the spring) along with
a more accurate level of textural reduction with senescence in
the fall.
In channel 3 (the near m), the pattern (Figure 6) is quite dif-
ferent from that for Channels I and 2. For most landform units,
the June SPOT data provided the highest measure of textural
values. This high level of heterogeneity is probably due to two
strongly related factors: high precipitation and active plant growth
during the June period (Figure 1). Abrams et al. (1986) sum-
marized ten years of aboveground biomass data and climatic
variables on l<.onza. Growing season precipitation was the most
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FiG. 5. Degree of Textural Contrast for channel 2 of the SPOTHRV satellite
for the seven dates. Key for area is explained in Table 1.
important variable associated with the aboveground biomass.
June has the highest average amount of precipitation (16 per-
cent of the total annual rainfall (Bark, 1987)). The high sensitiv-
ity of the near infrared to vegetation response and the subtlety
of canopy structure can be detected with the textural algorithm.
The seasonal variation in senescence intensity is also elaborated
with channel 3 textural values.
Applying the textural algorithm to the NDVI, the textural pat-
tern (Figure 7) is very similar to that for channel 3. The primary.
difference, however, relates to a consistently higher textural
value for the NDVI data relative to the channel 3 data. This is
most probably due to the greater sensitivity of the NDV] values
to greenness and net primary productivity over that of channel
3 alone. Once again, the peak period of textural heterogeneity
in most landscapes occurred in June and July (Figure 7). Highest
textural values (greater than 200) were generated in the mixed
forest/grasslands units. Watersheds left unburned for extended
periods of time (8 years or more-e.g., UB; Figure 7) had mod-
erate textural response values, but consistent]y higher than reg-
ularly burned watersheds (2D and 1D). The textural values
highlighted the contrast between burned and unburned wa-
tersheds. The higher textural contrast values for unburned wa-
tersheds is probably due to a greater amount of tree cover
(primarily eastern redcedars (Juniperus virginiana) and American
elms (Ulmus americana)) mixed with woody shrubs (i.e., sum-
macs (Rhus aromatica) and buckbrush (Symphoricarpos orbicula-
tus)) all mixed with native tallgrass prairie grasses.
CONCLUSIONS
Limited empirical information exists documenting the impact
of landscape treatments (e.g., fire and grazing) on landscape
diversity across a temporal time scale. A texture algorithm, when
applied to individual SPOT channel data sets, and NDVI provide
a quantitative approach to assist in understanding landscape
heterogeneity in the taUgrass prairie ecosystem. Each channel
provided some measured response in landscape contrast to
changes in plant vigor and higher primary productivity.
It appears that a texture algorithm applied to either channel
3 or NDVl produced from the SPOT HRV digital data is most
applicable to taUgrass prairie to detect various management
treatments. The most significant amount of contrast was de-
tected using channel 3 or the NDV] (Figures 6 and 7) although
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F_G.6. Degree of Textural Contrast for channel 3 of the SPOTHRV satellite F=G.7. Degree of Textural Contrast for NDVlgenerated scenes of the SPOT
for the seven dates. Key for area is explained in Table 1. HRV satellite for the seven dates. Key for area is explained in Table 1.
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NDVI contrast values were generally greater between areas of
different management treatments. In addition, the texture al-
gorithm applied to SPOT HRV derived NDVI values supported
Collins and Gibson's work (in press) that annual burning re-
duces the diversity of tallgrass prairie landscapes. Both 1D and
2D (an annual and biennial burned watershed) had consistently
lower values than the watersheds burned every four years or
left unburned (Figure 7), suggesting that these areas had lower
landscape heterogeneity (i.e., lower species diversity). Those
areas which have been grazed by cattle (i.e., PO and WH) had
similar texture values to those areas left unburned, even though
WH was burned and PO was not burned, suggesting that graz-
ing increases the landscape heterogeneity. Collins (1987) found
that burning and grazing had significant effects on the invariant
structure of the tallgrass prairie and Senti et al. (1987) reported
that cattle grazing in shortgrass prairie also affected species di-
versity. These results suggest that textural algorithms applied
to SPOT HRV derived NDVI can detect changes in vegetation com-
munities induced by either fire or grazing.
The texture algorithm applied to SPOT HRV derived NDVI al-
lowed detection of areas with the highest amount of landscape
heterogeneity; the narrow bands of gallery forest surrounded
by tallgrass prairie (Figures 4 to 7). These areas contain an east-
ern deciduous forest community intermingled with the tallgrass
prairie ecosystem (Freemen and Hulbert, 1985; Freemen and
Gibson, 1987).
Landscape ecology must consider new measures of hetero-
geneity in order to detect different landscape treatments and/
or effects (Wiens, 1989). Remote sensing, coupled with textural
algorithms, offers empirical confirmation to document treat-
ment responses (both burning frequency and grazing) in a tem-
poral framework for understanding landscape diversity in the
complicated tallgrass ecosystem.
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APPENDIX K
EFFECTS OF MANIPULATION ON FOLIAGE CHARACTERISTICS
OF ANDROPOGON GERARDH VITMAN
Rosemary A. Ramundo, T. Dawn Shapley, C. L. Turner
Division of Biology, Kansas State University, Manhanan, Kansas 66506
M. I. Dyer
Biosphere Research Inc., Route 2, Box 330-A, Lenoir City. Tennessee 37771
and
1". R. Seastedt
Division of Biology, Kansas State University, Manhattan, Kansas 66506
Abstract. "['heeffects of burning, mowing, and nitrogen fertilizer on the
chlorophyll, nitrogen, and phosphorus content of big bluestem were meas-
ured using a factorial experimental design at Konza Prairie Research Nat-
ural Area. While spring burning usually increased foliage production,
burning had no effect on mid-season chlorophyll or nitrogen concentrations.
Chlorophyll concentrations were significantly increased by fertilizer and
mowing treatments. Nitrogen concentrations of foliage were higher on
fertilized and mowed plots. Mowing Mso increased phosphorus concen-
nations of foliage, but nitrogen fertiliser significantly reduced phosphorus
concentrations. These results support other research indicating that: 1)
nitrogen use efficiency (grams biomass produced per gram of foliage ni-
trogen) is higher on burned prairie, 2) removal of foliage by mowing results
in more nutrient-rich regrowth, and 3) the amount of phosphorus available
to big bluestem foliage is limited. The dilution of phosphorus caused by
added nitzogen was a consequence of increased productivity on these plots
and suggests phosphorus uptake in excess of nxluirements for maximum
growth. The relationships between burning, mowing, and nitrogen on the
spectral reflectance panerns of vegetation indicated that chlorophyll (or
nitrogen) concentrations of foliage appeared to more strongly affect indices
of greenness and plant vigor than did the amount of plant biomass.
Key Words biomass, burning, mowing, big bluestem, Andropogon ger-
ardii, chlorophyll, nitrogen, phosphorus, Kansas
INTRODUCTION
Publications on the factors controlling the productivity of tall-
grass prairie are abundant (Knapp and Seastedt 1986, Ojima 1987,
Hulbc_ 1988). Current scientific emphasis is directed at under-
standing spatial patterns of productivity in relation to topography,
fire, and grazing. Interest is increasing in the use of remote sensing
procedures in these efforts. Spectral reflectance patterns have been
used to monitor seasonal patterns of productivity both within and
among terrestrial ecosystems (Goward et al. 1985, Asrar et al.
1986). For this type of approach to be useful in tallgrass prairie,
knowledge of burning, mowing, and grazing on plant spectral
reflectance characteristics must be understood on a basis of both
per unit of foliage and per unit of vegetation area. Plant physiology
and morphology, in conjunction with the absolute amounts of
living and dead foliage, will affect the spectral reflectance meas-
urements (Sellers 1985, Waring et al. 1985).
This study evaluated the effects of burning, mowing and fer-
tilizer on the chlorophyll, niurogen, and phosphorus content of the
dominant tallgrass species, big bluestem (Andropogon 8erardii
Vimum). These results are then related to the effects of the re-
spective uv.atrnents on prairie productivity and the spectral reflec-
tance properties of this vegetation.
STUDY SITE AND METHODS
Research was conducted on the Konza Prairie Research Natural
Area in the Flint Hills region of northeastern Kansas. The study
area consisted of 32 plots (100 m:) that had been: 1) annually
burned or unburned since 1985, 2) mowed and raked twice per
growing season or unmowed since 1985, and 3) fertilized with 10
g/m _of nitrogen as ammonium nitrate (NH,NO,) or untreated. This
experiment consisted of four replicates of eight combinations of
"burning, mowing, and fertilizer additions. Mowing was conducted
in late May and in mid-July. Species composition of these plots
is similar to that reported by Hulbert (1988). Big bluestem was the
dominant grass, but ifidiangrass [Sorghastrum nutans (L.) Nash]
was also abundant. Forbs, including several milkweeds (Asclepias
spp.) and goldenrods (Solidago spp.), went also common, partic-
ularly in unmowed plots.
Samples of big bluestem foliage for chlorophyll and nutrient
analyses were collected on 3 July 1987 and immediately placed in
refrigerated bags and returned to the laboratory. Leaf sheaths were
rernoved prior to measurements. Wet weights of these samples
were obtained and samples were then frozen until other analyses
were conducted. Quantitative samples for biomass estimates were
obtained on 15 July by clipping 0.1 m 2 of vegetation from each
plot. Biomass from mowed plots represented regrowth after one
mowing while biomass from unmowed plots represented total fo-
liage production,
Methods of both extraction and spectrophotomewic analysis of
chlorophyll were based on the Delaney technique as used by Knapp
and Gilliam (1985). The leaves were taken from the freezer one
at a time, thawed by warming gently between the palms, then cut
into 1 cm pieces, and weighed on a Menler balance to 0.01 g.
Chlorophyll A, chlorophyll B, and beta carotene were then ex-
tracted using 85% acetone, sand, and calcium chloride (CaCO_)
with a foil-covered mortar in a pestle. The leaves were ground for
1-2 minutes with a Talboy blender. The ground tissue and acetone
were poured into a foil- covered, graduated centrifuge tube, and
diluted to 10 rnl with acetone. Each sample was centrifuged for 5
minutes and allowed to settle for I hour before measured in wave-
lengths of 750, 663, 644, and 452 run on a Beckmann DB-GT
spectrophotometer (Robbelen 1957).
Nitrogen and phosphorus values for foliage samples were ob-
tained by drying and grinding additional foliage, digesting this
tissue with a miero-Kjeldahl method, and determining nitrogen
and phosphorus colorimetrically on a Technicon Autoanalyzer.
Specual reflectance measurements were concurrently obtained
by personnel involved on the NASA-FIFE experiment (FIFE ---
First ISLSCP Field Experiment, ISLSCP -- International Satellite
Land Surface Climatology Project). The spectral measurements
determined total amount of reflected light at specific wavelengths.
Here, an index of "greenness" or Green Vegetation Index (GV1)
(Kanth and Thomas 1976) based on a linear combination of re-
flectances of various wavelengths, is used to describe the plots.
Another index of plant vigor used to describe the plots, the nor-
nudized difference, is a ratio estimator created by subtracting red
reflectance from the near-infrared reflectance and dividing this
value by the sum of these reflectances (Goward ¢t al. 1985).
Statistical analysis of these data employed a three-way ANOVA,
using fire, mowing, and nitrogen as main effects. A/I possible
interactions among the treatments were also evaluated. Due to the
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configuration of the plots, fire effects were tested using a block*fire
interaction term. Other effects were evaluated with the error term.
RESULTS
An analysis of variance of nitrogen concentrations indicated no
interactions among the main treatments of burning, mowing, and
nitrogen additions. Nitrogen concentrations in foliage of big blues-
tern were higher in the fertilized plots than in control plots (Figure
1). Significantly higher nitrogen concentrations also occurred in
mowed than in unmowed plots. Spring burning, however, did not
significantly affect nitrogen concentrations (Figure !).
An analysis of variance also indicated no interactions among
the main treatment effects for phosphorus concentrations of foli-
age. Phosphorus increased in mowed plots at about the same ratio
as the increase in nitrogen (Figure 2). In contrast, phosphorus
significantly decreased in plots where nitrogen fertilizer was added
(Figure 2).
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Fertilization with ammonium nitrate resulted in higher chloro-
phyll A and total pigment concentrations in big bluestem foliage
(Figures 3 and 4). Mowing also significantly increased pigment
concentrations while spring burning had no effect. An analysis of
variance indicated modest (p = 0.05) interactions between mow-
ing _and fertilizer additions (for chlorophyll A concentrations) and
for mowing and burning (for total pigment concentrations). Un-
mowed, unfertilized vegetation had lower chlorophyll A concen-
trations than mowed, unfertilized vegetation. Concentrations of
chlorophyll A were similar for mowed or unmowed but fertilized
vegetation. Burning tended to increase pigment concentrations on
unmowed sites, but, it decreased concentrations on mowed sites.
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FIG. 3. Chlorophyll A concentrations of big bluestem foliage.
Symbols are same as those used in Figure !.
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FIG. 1. Nitrogen concentrations of big bluestem foliage. Controls
(C), represented by hatched bars, are compared to burned (B) plots,
mowed (M) plots, or fertilized (F) plots. Error bars represent one 5.8.
standard error for 16 replicates.
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FIG. 4. Total pigment (chlorophyll A, chlorophyll B, and beta
carotenes) of big bluestem foliage. Symbols are same as those
used in Figure 1.
FIG. 2. Phosphorus concentrations of big bluestem foliage. Sym-
bols are same as those used in Figure I.
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Plant biomass on the various plots was harvested on 15 July
(Figure5).Regrowth aftermowing in lateMay on mowed plots
was much greateron fertilizedthanon unfertilizedplots.Overall,
thesemidseason valuesshow a strongmowing and fertilizereffect,
and a non-significanteffectof springburning on plantbiomass. .3
Indices of plant greenness and plant vigor associated with this
biomass are shown in Figures 6 and 7. When these values are
compared with plant biomass (Figure 5), "greenness" appears to
he more closely associated with nitrogen additions than with bi- tu
Z
omass. An analysis of variance of the reflectance-derived values Z
indicatedthatalltreatments exceptmowing and alltwo-way in- tu
teractions among treatments were statistically significant. How- _c .2
ever, the amount of variance attributed to fertilizer was much more
significant than any other variable or combination of treatments.
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FIG. 5. Midscason foliage biomass on burned, mowed, and fer-
tilized plots. Hatched bars represent the fertilized plots within each
mowing and burning treatments.
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FIG. 7. "Greenness" in relation to burning, mowing, and fertilizer
treatments. Controls (C), are compared to fertilized plots (F) within
each mowing and burning treatment. Bars are one standard error
for 8 replicates.
DISCUSSION
Midseason chlorophyll concentrations measured here for big
bluestem are, on average, somewhat higher than values reported
by other investigators (Bray 1960, Ovington and Lawrence 1967,
Old 1969, Knapp and Gilliam 1985). These higher values reported
in this study may reflect differences in methodologies rather than
actual species differences or differences attributed to site effects.
The age of the foliage at the time the chlorophyll measurements
were made is important, although Ovington and Lawrence (1967)
found little seasonal dynamics in concentrations of total chloro-
phyll in a Minnesota prairie.
Spring burning did not affect midseason chlorophyll or nitrogen
concentrations. While the seasonality of nitrogen content of burned
and unburned vegetation may differ markedly (Owensby et al.
1970), the overall amount of nitrogen available to vegetation on
burned sites is not markedly different from unburned sites, and
may in fact be less on burned sites (Ojima 1987). This implies that
the increased productivity observed on burned sites in most years
corresponds to increased nitrogen use efficiency by this vegetation.
Old 0969) measured the effects of nitrogen addition on mid-
season chlorophyll content and reported about a 20% increase in
chlorophyll, a relative difference similar to that found in this study
fFigure 3). This increase appears to be linearly related to the
nitrogen content of this tissue. In contrast, phosphorus concentra-
tions were not related to chlorophyll concentrations. While mowing
increased chlorophyll, nitrogen, and phosphorus concentrations,
addition of ammonium nitrate increased chlorophyll and nitrogen
concentrations, but decreased phosphorus content. These data
therefore suggest that big bluestem will accumulate phosphorus in
concentrations higher than those limiting growth. Therefore, these
plants exhibit luxury uptake of this element relative to nitrogen
and/or other elements.
These results indicate that "'greenness" as measured with the
normalized difference procedure was sensitive to both burning and
chlorophyll (nitrogen) content of the vegetation. The former treat-
ment, which in this study did not significantly affect nitrogen
concentrations, removed standing dead plant materials and litter
and, thereby, changed the reflectance properties of the soil surface.
Fertilization and mowing strongly affected nitrogen and chloro-
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phyll concentrations.The reductionin biomass resultingfrom
mowing may negate the positiveeffectthatmowing had on chlo-
rophylland nitrogencontent,such thatmeasurements ofgreenness
aftera certainperiodof regrowth on mowed plotsdid not show a
strongmowing effect.Other studieshave suggestedthatcanopy
reflectancewas sensitiveto the physiologicalstatusof the plant
at the time of measurement (Sellers1985).This work tendsto
support thisconcept in thatplotswith reduced biomass but en-
hanced nitrogencontenttended tohave equalor greaterindicesof
greenness than unmowed but unfertilizedvegetation(Figure7).
These findingshave importantimplicationsto studieson assess-
ment of plantproductivityor vegetationinteractionswith the at-
mosphere by remote sensingmethods. Models usingonly foliage
biomass or leafareaare unlikelyto provideaccurateestimatesof
eithersubsequentproductivityor water-gasinteractions.
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APPENDIX L
SPOT Satellite Data for Pattem Recognition on the North
American Tall-Grass Prairie Long-Term Ecological Research
Site
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Background to the Imaged Area
The Konza Tallgrass Prairie, a part of the Kansas Flint
Hills, represents one of 15 research sites in the United
States supported by the National Science Foundation for
Long-Term Ecological Research (LTER) (Figure 1). The
goal of the LTER program is to investigate a variety of
features that characterize specific ecosystems - such as
tropical savanna, eastern deciduous forest, and tallgrass
prairie. Initial convergence of the LTER effort was encour-
aged by requiring that sites address research efforts in five
core areas. These were (1) pattern and control of primary
production; (2)spatialand temporal distribution of popula-
tions selectedto represent trophicstructure;(3)patternand
control of organic matter accumulation in surface ]ayers
and sediments; (4) pattern of inorganic inputsand move-
ment of nutrients through soils, groundwater, and surface
waters; and, (5) pattern and frequency of disturbance to
the research site (Brenneman and Blinn, 1987).
Slightly over a century ago, the tallgrass prairie in North
America extended from what is now southern Canada to
Oklahoma in the United States(Reichman, 1987). Today
only a small fra_on of the originaltallgrassprairie remains;
primarily in the Kansas Flint Hills (Figare 2). The Konza
Prairie Research Natural Area, a 3,500 hectare protected
tract, represents aportion of the originalprairie established
to preserve this vanishing habitat and to promote scientific
research. The management objectivesof the research area
are based on understanding the impact of periodic fire,
drought, and grazing on a tallgra_ prairie ecosystem.
Remote sensingand geographic information systems(GIS)
technologiesprovide important methods for studyingthe
Konza Prairieand for LTER intersite comparisons.
Analytical Procedures and Conclusions
Figure 3 was generated using an unsupervised classifi-
cation cluster routine on digital data collected by SPOT
satellite on May 1, 1987. The cluster routine uses a two-
pass sequential clusteringalgorithm. In the firstpass, the
program reads through the entire data set, and sequentially
builds clusters (groups of points in spectral space)based on
parameters selected by the user, and computes the mean
value for each cluster.These clusters become the signa-
tures used to assignclasses in the output G.I.S. file.
The second pass classifieseach pixel in the data set
according to a minimum distance classifier.The algorithm
calculates the spectral distance between the candidate
pixel and the mean value for every cluster,using the mean
values that were computed in the first pass.The classw/th
the minimum or shortestspectra] distance (ERDAS, 1988).
Processing of the SPOT data was performed on a micro-
based ERDAS integrated image processingsystem.For the
May scene of Konza Prairie, the unsupervised duster
routine classifiedthe tallgrass prairie area into 11 classes
(Figure 4). The classesrepresent variations in rural land use
from intensivecroplandagriculturesystems (where wheat,
corn, sorghum, and soybeans are primary crops) to exten-
sive grazing systems.The approach allowed for detailed
mapping of variations in watershed treatment based on
frequency, of burning and grazing systems. Annually
burned watersheds were easily dis_nguished from less
frequently burned watersheds. As the tallgrass praine is left
unburned, the propo_on of C4 speciesdeclines (e.g. big
and littlebluestem (Andropogon gemdrii and Andropogon
scoparius), s'witchgrass (Panicum uirgatum), and indkan-
grass(Sorghostrum nutans).At the same time these same
watersheds increasein forbs and woody species.
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Fig. 1 The network of Long-Term Ecological Research Sites includes 15 sites that range kom arctic and alpine tundra to
grasslands. New sites added in 1987 are represented by a * (Brennernan, eta]., 1987)
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IiI Konza Prairie
Fig. 2 The Kor,za Research Natural Area within the Kansas
Flint Hills.
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